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SUMARIO

En el presente informe de suficiencia describira una metodologia de calculo de
coordinacion de aislamiento basado en normas IEC 60071-1 e IEC 60071-2, las cuales se
adjunta en el Anexo B y C, y su aplicaciéon a una subestacion del Area Operativa de la
Zona Sur del Peru con la finalidad de verificar el equipamiento desde el punto de vista de
la coordinacion de aislamiento y proponer el equipamiento necesario para mejorar la

proteccion contra descargas atmosféricas, en caso se requiera.
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PROLOGO

El Peru cuenta con Subestaciones que se ubican en zonas de la sierra donde se tiene la
presencia de descargas atmosféricas, las cuales pueden ocasionar directamente la induccion
de elevados niveles de sobretensiones en los equipos de intemperie y de interior de las
subestaciones, ocasionando fallas con o sin dafio del aislamiento, propiciar el
funcionamiento imprevisto de unidades de proteccion con consecuencias dificilmente
previsibles.

También, cuenta con subestaciones que estan expuestas a cambios de configuracion
debido a ampliaciones, crecimiento del sistema y, al incremento de la potencia de
cortocircuito que puede afectar el disefio inicial de las subestaciones.

Las fallas del aislamiento tienen un efecto pequdicial para los componentes del sistema
eléctrico, los usuarios y el propietario de la instalacion, con consecuentes pérdidas
economicas.

Surge la necesidad de elaborar una metodologia para verificar la Coordinacion de
Aislamiento en una subestacion existente, con la finalidad de revisar los disefios originales
de manera preventiva y asi asegurar la continuidad del servicio eléctrico.

El proposito de este informe es describir el método de calculo de coordinacion de
Aislamiento contenido en la norma IEC 60071 y aplicar dicha metodologia para verificar
la Coordinacion de Aislamiento a una subestacion a nivel de disefio. La subestacion
considerada en este estudio es la subestacion Juliaca que cuenta con los niveles de tension
138 kV, 60 kV, 22.9 kV yi0 kV ubicada en el departamento de Puno a 3800 m.s.n.m.

El fundamento de la metodologia es la recomendacion IEC-60071-2 “Insulation
Coordination - Part 2, Application guide, 1996” con referencias a la recomendacion IEC-
60071-1 “Insulation Coordination - Part 1, Definitions, Principles and Rules, 2006".

Los Estandares del rubro se fundamentan en el principio de Nivel de Sostenimiento
(Withstand Level) a sobretensiones de frecuencia industrial, sobretensiones de maniobra e

impulsos generados por descargas atmosféricas (rayos).



El Sostenimiento se expresa graficamente en la Figura 1, en la cual se identifican el
sostenimiento a las sobretensiones temporales, de maniobra y de origen atmosférico las
cuales definen el nivel de aislamiento de los equipos de una subestacion.

La Figura 1 muestra el nivel de aislamiento que se debe dar al equipo eléctrico de una
subestacion tanto para soportar descargas atmosféricas (ondas de frente rapido) e impulsos
por maniobras de conexion-desconexion (ondas de frente lento). La figura ilustra el nivel
de proteccion (o la tension residual) que imponen los descargadores de sobretensiones
(surge arresters) a las sobretensiones que afectan el aislamiento de los equipos para los

diferentes frentes de onda.
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Figura 1. Coordinacion de aislamiento.



CAPITULO 1
ANTECEDENTES

1.1 Objetivo

El objetivo principal del presente estudio es verificar la coordinacion de aislamiento
de subestaciones existentes de alta tension para ello se tienen los siguientes objetivos
secundarios:

a) Describir la metodologia de Coordinacion de Aislamiento basada en las normas IEC
60071-1 e IEC 60071-2, las cuales estan anexas al presente informe.

b) Aplicar dicha metodologia a una subestacion. Se tomara como subestacion prueba a la
subestacion Juliaca ubicada en el departamento de Puno 3800 m.s.n.m.

1.2 Alcances

La verificacion de la Coordinacion de Aislamiento a nivel de diseiio de la
subestacion es un proceso complejo y comprende muchas partes.

La coordinacion de aislamiento comprende el calculo del aislamiento interno y
externo, mayormente la informacion del aislamiento de los equipos ubicados en patio se
encuentra especificada en la placa y solo se visualiza el aislamiento externo. Por tanto, este
informe verificara el aislamiento externo de los equipos. Las especificaciones o datos de
placa sobre sostenimiento de tension del aislamiento interno (caso de los transformadores)
se verificara siempre y cuando existan datos sobre esta caracteristica.

En el presente informe se detalla el calculo del aislamiento requerido por la
subestacion basado en la norma IEC 60071, este método recibe como datos las
sobretensiones representativas que afectan a una subestacion, las sobretensiones pueden ser
temporales, de maniobra o de tipo rayo y para determinarlas se requieren simulaciones en
estado estacionario y transitorio. Se utilizan los programas computacionales Power Factory
y el ATP Draw para determinar dichas sobretensiones representativas.

El aislamiento de una subestacion depende de los equipos “surge arrester’,
comunmente llamados pararrayos, cuya correcta seleccion se debe verificar siguiendo las

recomendaciones de la norma IEC 60099-4 y 60099-5.



La proteccion contra impactos directos de descargas atmosféricas de una subestacion

o el apantallamiento de la subestacidn forma parte del presente estudio de coordinacion de

aislamiento, por lo que se desarrollara y verificara en el presente informe.

El estado y medicion de la puesta a tierra y malla, asi como el aislamiento de equipos
en GIS no forman parte de este informe debido a que en las subestaciones del Peri no se
cuenta con informacién suficiente de los disefios de los mismos.

1.3 Definiciones Generales

Las siguientes definiciones se encuentran descritas es la normas IEC 60071-1.

Coordinacion de aislamiento: Es la seleccion de la rigidez dieléctrica de un equipo en

relacion con las tensiones que pueden aparecer en el sistema en el cual el equipo operara

tomando en cuenta las condiciones de servicio y las caracteristicas de los equipos de
proteccion contra sobretensiones disponibles.

Aislamiento externo: Son las superficies del aislamiento solido del equipo en contacto

con aire, estan sujetas a los esfuerzos dieléctricos y a los efectos atmosféricos y otras

condiciones externas, tales como presion atmosférica, contaminacion, humedad, etc.

Aislamiento interno: Son las partes internas solidas, liquidas o gaseosas del aislamiento

del equipo, las cuales estan protegidas de los efectos atmosféricos y otras condiciones

externas.

Configuracion de aislamiento: Es la configuracion geométrica completa consistente del

aislamiento y de todos los terminales. Esto incluye todos los elementos (aislados y

conductores) los cuales tienen influencia en su comportamiento dieléctrico. Se identifican

las siguientes configuraciones de aislamiento:

e Trifasicos: Consta de tres terminales de fase, un terminal de neutro y un terminal de
tierra.

e Fase-tierra: Es una configuracion de aislamiento trifasico en la cual dos terminales de
fase no se tienen en cuenta y, excepto en casos particulares, el terminal de neutro es
aterrizado.

e Fase-fase: Es una configuracion de aislamiento trifasica donde un terminal de fase no
se considera. En casos particulares, el terminal de neutro y tierra tampoco se
consideran.

e Longitudinal: Teniendo dos terminales de fase y un terminal de tierra. Los terminales
de fase pertenecen a la misma fase de un sistema trifasico temporalmente separado en

dos partes energizadas independientemente (equipos de maniobra abiertos). Los cuatro



terminales pertenecientes a las otras dos fases no se consideran o se encuentran
aterrizados. En casos particulares uno de los dos terminales de fase es considerado
aterrizado.

Tension asignada del sistema: Es un valor adecuado de tension asumido para designar o

identificar un sistema.

Sobretension: Es cualquier tension entre un conductor de fase y tierra o entre conductores

de fase cuyo valor pico exceda el correspondiente valor pico de la tension mas alta del

equ1po.

Clasificacion de tensiones y sobretensiones: De acuerdo con su forma y duracion, las

tensiones y sobretensiones se dividen en las siguientes clases:

Tension permanente (a frecuencia industrial): Tension a frecuencia industrial (60 Hz),

que se considera que tiene un valor r.m.s constante, continuamente aplicado a cualquier par

de terminales de una configuracion de aislamiento.

Sobretension temporal: Sobretension a frecuencia industrial de duracion relativamente

larga.

Sobretension transitoria: Sobretension de corta duracion de unos pocos milisegundos o

menos, oscilatoria o no oscilatoria, por lo general altamente amortiguada. Las

sobretensiones transitorias se clasificas en dos niveles a saber:
Sobretension de frente lento: Sobretension transitoria, usualmente unidireccional, con
tiempo de pico 20 us < Tp <5000 us, y duracion de cola T2 < 20 ms.
Sobretension de frente rapido: Sobretension transitoria, usualmente unidireccional, con
tiempo de pico 0,1 us <T1 <20 us, y duracion de cola T2 < 300 us.

Formas normalizadas de tension: Las siguientes formas de tension estan normalizadas:
Tension normalizada de corta duracion a frecuencia industrial: Tension senoidal con
frecuencia entre 48 Hz y 62 Hz y duracion de 60 s.

Impulso de maniobra normalizado: Impulso de tension que tiene un tiempo de pico de
250 us y un tiempo de mitad de onda de 2500 us.

Impulso atmosférico normalizado: Impulso de tension que tiene un tiempo de frente de
1,2 us y un tiempo de mitad de onda de 50 us.

Nivel de proteccion al impulso atmosférico (0 maniobra): Es el valor pico de la tension

maxima permisible en los terminales de un equipo de proteccion sujeto a impulsos

atmosféricos (o de maniobra) bajo condiciones especificas.



La Tabla 1, es muestra un resumen de la clasificacion de la sobretensiones la cual fue

tomada del numeral 5.2 de la Norma IEC60071-1.

Tabla 1.1 Clases y formas de tension

Formas de Onda

Clase Formas de tension o Rango de las formas de
sobretension tension o sobretension
. f=50Hz 6 60 Hz
IContinua 7,>3 600 s
Baja
Frecuencia
Temporal e 00
P 0,02s<T;<3600s
/\f\ 20 us < 7p <5000 ps
Frente lent =
IEING SOR0 s - T, <20 ms
- T2
Transitorio [Frente rapido 0.lus=Th =20ps
T, <300 us
Tt
| T:<3ns
Frente muy rapido ! \ /\/ 0,3 MHz <f; <100 MHz
i 30 kHz <f; < 300 kHz
|




) CAPITULO 11 )
METODOLOGIA PARA VERIFICAR LA COORDINACION DE AISLAMIENTO
DE SUBESTACIONES EXISTENTES DE ALTA TENSION

El modelo de calculo de la coordinacion de aislamiento sigue en un todo la
recomendacion IEC-60071-2, segun la cual la seleccion del nivel de aislamiento consiste
en calcular el valor adecuado de tensiones de sostenimiento normalizadas (Uw) que
proporcione un aislamiento de una subestacion adecuado, capaz de resistir las
sobretensiones impuestas por el sistema o por descargas atmosféricas.

El proceso general sigue un método en parte deterministico para la definicion de los
niveles basicos de tension, pero también se involucran conceptos y modelos estadisticos.
Se configura asi una metodologia mixta segun lo sugerido por la recomendacion IEC-
60071-1-2.

En el modelo propuesto para verificar la coordinacion de aislamiento sigue 5 Etapas

que describiremos a continuacion:

Etapa I Recopilacion de la informacion para el estudio.

Etapa II Verificacion de la seleccion de pararrayos.

Etapa III Estudio de sobretensiones.

Etapa IV Calculo de coordinacion de aislamiento de acuerdo a la IEC 60071-2.
Etapa V Revision del Apantallamiento

Etapa VI Diagnostico del aislamiento de la subestacion.

2.1 Etapa I: Recopilacion de la informacion para el estudio.

Para el desarrollo del estudio de coordinacion de aislamiento en una subestacion, se
formula a continuacion una lista de documentos técnicos que en menor o mayor grado son
requeridos para el éxito del estudio. En general se deben aportar el maximo nimero de
datos de la red y de la S/E estudiada, altura sobre el nivel del mar (m.s.n.m.) y otros datos
resultantes de exploracion de bases de datos de equipos y de la visita al sitio de la
subestacion estudiada.

Un listado completo de la informacion requerida tiene como minimo, los siguientes:

a. Altura sobre el nivel del mar (msnm) de la zona donde se ubica la subestacion.



b. Nivel de aislamiento de los transformadores de potencia y otros equipos (Incluye linea
de fuga de los aislamientos extemnos de cadena de aisladores, pasatapas y soportes).
Resistencia de Dispersion de la Red de Puesta a Tierra (Informativo).

d. Distancias; entre fases de Barras, conductor a masa, conductor a suelo, entre equipos
(Se obtiene de los planos de corte y de perfil).

e. Protocolos de pruebas en vacio y cortocircuito de los Transformadores de potencia.

f  Referencia de los descargadores de sobretensiones (surge arresters) instalados en la
subestacion, sus ubicaciones y catalogo de los mismos.

g. Parametros eléctricos de las lineas de transmision. Parametros de secuencia de los
circuitos de las instalaciones que participan en los calculos.

h. Configuracion geométrica de las estructuras de las subestaciones (Ubicacion de
porticos).

1. Configuracion geométrica de las estructuras de las lineas asociadas a la subestacion.

3. Tipo de conductor de las lineas eléctricas, material,

k. Longitud del vano promedio de la linea

. Equivalentes de cortocircuito en demanda minima de las subestaciones adyacentes a la
subestacion en estudio. Si se cuenta con la base de datos completa del sistema de
potencia se pueden calcular posteriormente los equivalentes de cortocircuito.

m. Planos de ubicacion de equipos, vista en planta, de elevaciones y/o cortes de la S/E.

n. Diagrama unifilar de la subestacion y del area de estudio (Informativo)

2.2 Etapa II: Verificacion de la seleccion de Pararrayos.

Especial importancia tiene para iniciar el estudio de coordinacion de aislamiento la
informacion relacionada con los niveles de proteccion de los pararrayos (surge arresters).
Para la obtencion de los diferentes parametros relacionados con los pararrayos de ZnO
cabe destacar el siguiente proceso metodoldgico para el calculo de tensiones operativas,
este método fue tomado del libro Subestaciones de Alta y Extra Alta Tension de Hidro-
Estudios, Mejia y Villegas HMV (que se basa en la norma IEC 60099-4 y-5 Surge Arrester
y Estandar IEEE C62.11-1993 Metal Oxide Arrester):

Tension continua de operacion, COV. (Conexion fase-tierra).

coy =Um

V3 (2.1)

Donde Um corresponde a la maxima tension del aislamiento del equipo.

Sobretension temporal, TOV.



10V =Ke-cOV (2.2)
Ke es el factor de Falla a Tierra, el cual es de 1,38 o (1,4) para sistemas solidamente
puestos a tierra'y 1,73 para sistemas con neutro aislado.

La tensién nominal del Pararrayos (descargador de sobretensiones), R, es el mayor

valor entre Ro y Re:

Ro = cov
Ko ...(2.3)
Ko es el factor de disefio del descargador de sobretensiones, el cual varia segun el
fabricante. Un valor tipico es 0,8.
Re = 0V
k (2.9)
Kt es la capacidad del descargador y depende del tiempo de duracion de la sobretension
temporal. Asi, para un segundo, Kt = 1,15; para 10 segundos, Kt = 1,06 y para dos horas,
Kt = 0,95 (valores aproximados).

Se puede prever un margen extra de 10% para sistemas con tensiones inferiores a 100
kV y 5% para sistemas con tensiones mayores de 100 kV, encontrandose asi la tension
nominal del descargador de sobretensiones (R).

Se debe verificar que la tension asignada (Ur) del descargador de la subestacion sea
muy similar o superior al valor calculado de R.

Como se observa, la metodologia de seleccion de pararrayos consiste en determinar el
valor de la tension nominal o asignada (Ur) del pararrayos, para ello requiere suponer
valores conservadores de los factores Ke y Kt. Los casos en que el resultado de aplicar la
metodologia y los pararrayos ubicados en campo no coincidan en la tension nominal, es
recomendable verificar la operacion de los pararrayos.

Una vez verificado el descargador con su catalogo se deben tomar los valores
indicados como NPM (nivel de proteccion para ondas de maniobra) y el NPR (nivel de
proteccion para ondas de rayo), los cuales son fundamentales para iniciar la secuencia de
calculo del aislamiento y se definen como Ups y Upl segun la recomendacion IEC.

Para niveles de tension hasta 245 kV es valido que:

NPM es la tension residual para una corriente de 1 kA

NPR es la tension residual para una corriente de 10 kA

Para niveles de tension mayores a 245 kV es valido que:

NPM es la tension residual para una corriente de 5 kA
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NPR es la tension residual para una corriente de 20 kA
2.3 Etapa IHO: Estudio de Sobretensiones

Para la obtencion de las sobretensiones es recomendable realizar la simulacion
digitales de diferentes fenomenos, normalmente, haciendo uso del software especializado.
Para la ejecucion del informe se utilizo el ATP y su interfaz grafica ATPDraw y del Power
Factory de Digsilent.

El ATP es un programa digital de reconocimiento mundial, enfocado al analisis de
transitorios electromagnéticos. Desde la década de los 90’s este software, de distribucion
gratuita, viene acompafiado de la interfaz ATPDraw la cual facilita al usuario la
implementacion de los modelos y la ejecucion de las simulaciones.

Los estudios se efectiian con énfasis la subestacion en estudio, considerado las lineas de
transmision asociadas a ella y todos los elementos que segun la topologia se deban
considerar en el analisis.

Cuando es dificil obtener la informacion del sistema eléctrico adyacente a la
subestacion en estudio, se pueden considerar algunos valores sugeridos por la
recomendacion IEC—60071-2, sin embargo, este tipo de suposiciones sacrifica la precision
de los resultados que se obtengan en la coordinacion de aislamiento. Dicho de otro modo,
el calculo de coordinacion de aislamiento puede realizarse sin el estudio de sobretensiones
representativas, considerando valores conservadores de sobretensiones para la subestacion
en estudio.

Para cada uno de los tipos de sobretensiones se debe realizar una modelacion
diferente tal como se menciona a continuacion:

2.3.1 Sobretensiones Temporales.
a. Representacion del sistema en las simulaciones:

El estudio de sobretensiones temporales se puede realizar con software para analisis de

sistemas eléctricos de potencia (por ejemplo DIgSILENT), sobre la base de datos del

sistema, la cual contiene el modelo del area de influencia del proyecto.

También es posible realizarlo en el ATPDraw.

b. Metodologia de calculo de sobretensiones en las simulaciones:

La principal caracteristica de las sobretensiones temporales es su larga duracion y bajo

nivel de amortiguamiento en el tiempo. Las sobretensiones temporales analizadas son

las siguientes:
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Falla monofasica en las barras: Para el analisis de fallas monofasicas a tierra, se
realizan cortocircuitos en cada uno de los niveles de tension de los transformadores y
para cada una de las subestaciones. Se registran datos de las sobretensiones en las
fases sanas, ante la presencia de la falla.

Rechazo de carga (efecto Ferranti): El analisis de rechazo de carga (Efecto Ferranti),
se realiza para cada una de las lineas de transmision, dejando un extremo conectado a
la tension del sistema, en tanto el otro lado de la linea permanece abierto, en este

terminal es donde se registra la sobretension maxima que alcanza el sistema.

2.3.2 Sobretensiones de Maniobra o Sobretensiones de Frente Lento.

a.

Representacion del Sistema en las Simulaciones:

El estudio de sobretensiones de maniobra se realiza con el programa de analisis de
transitorios electromagnéticos ATP-ATPDraw, en el cual se deben incluir, entre otros,
los siguientes componentes:

Fuentes equivalentes: Las fuentes equivalentes se representan como fuentes
cosenoidales de tension constante, trifasicas y balanceadas, conectadas al sistema a
través de elementos R-L acoplados con impedancias de secuencia cero y positiva.
Lineas de transmision: Se utiliza el modelo de parametros distribuidos para representar
las lineas de transmision que seran maniobradas. Otras lineas pueden modelarse a
través de un modelo 7.

Interruptores: Su representacion se hace con interruptores de cierre deterministico y
estadistico, para las lineas donde se realiza alguna maniobra. Las simulaciones pueden
considerar o no, interruptores con resistencias de preinsercion.

Pararrayos: Se utiliza el modelo que representa la caracteristica no lineal corriente
tension para los pararrayos construidos de material Oxido Metalico.

Reactores: El modelo de reactor representado en las simulaciones corresponde a
elementos R-L y si tienen nucleo ferro magnético, se incluira la curva de saturacion.
Autotransformadores: son representados con modelos creados por medio de las rutinas
XFORMER o BCTRAN a partir de los parametros de los protocolos de pruebas en
vacio y cortocircuito.

Metodologia de calculo de sobretensiones en las simulaciones:

Se adoptan tensiones pico base para cada nivel de tension, tanto para la tension pico
fase—tierra, como para la tension pico fase—fase, con el fin de expresar los valores de

sobretension en p.u. en los extremos de las lineas.
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Para realizar las simulaciones de las maniobras se utiliza un interruptor estadistico que
permite realizar un nimero programable de maniobras que pueden variar en cuanto a
tiempo de operacion de acuerdo a una funcion de probabilidad establecida (Uniforme o
Normal). Para simular los cierres y las aperturas se utiliza una funciéon de probabilidad
uniforme que garantice la operacion del interruptor en un ciclo completo de la onda y para
simular la dispersion de polos se utiliza una funcion de probabilidad normal.

Los recierres tripolares estan deshabilitados en las lineas del SEIN debido a que
afectan la estabilidad del sistema por lo que no es necesaria su consideracion para la
coordinacion de aislamiento. El analisis de las maniobras de linea se realiz6 considerando
la energizacion desde el extremo remoto de la subestacion Juliaca. El analisis de las
maniobras de linea energizando desde la subestacion Juliaca no es de interés para el
presente estudio.

El fendmeno transitorio se aproxima a un fenémeno de probabilidad normal, en donde
la variable Z tipificada a partir de eventos X para una Distribucion Normal es:

z XM
o (2.5)
Donde:
# es la media
O es la desviacion estandar
La distribucion de la variable Z se encuentra tabulada (Probabilidad y Aplicaciones
Estadisticas - Paul L. Meyer). De las tablas se establece que para una probabilidad del 98

% el valor de Z corresponde a 2.06, es decir

X=u+206*c .....(2,6)

El ATP realiza el nimero de variables que se le indique (por ejemplo 100) y para cada
una de ellas obtiene el valor maximo de las variables en estudio. Al final, luego de
desarrollar todas las simulaciones, entrega el valor medio y la desviacion estandar (c) de
los datos obtenidos.

Luego, por medio de una formulacion estadistica, se calcula el valor estadistico que
corresponde a las sobretensiones del 98%, esta informacion es utilizada posteriormente en
los estudios de coordinacion de aislamiento de acuerdo a lo requerido en la
Recomendacion IEC 60071-2.

Las sobretensiones de maniobra analizadas son las siguientes:
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— Energizacion de lineas: Se toma el registro de las sobretensiones en el extremo abierto
de la linea mientras se realiza el cierre del interruptor del otro extremo.

— Energizacion de transformadores: Se toma el registro de las sobretensiones en el
extremo abierto del transformador mientras se realiza el cierre del interruptor del otro
devanado, esta maniobra debe ser realizada energizando el transformador desde cada
nivel de tension.

— Recierres monofasicos: Después de la apertura de una linea (ambos extremos) para
despejar una falla monofasica a tierra. Se toma el registro de tension en uno de los dos
extremos abiertos de la linea, mientras se realiza el recierre monopolar del interruptor
(estadistico) del otro extremo.

2.3.3 Sobretensiones de Descargas Atmosféricas o sobretensiones de frente rapido.

La simulacion de sobretensiones de origen atmosférico no es estrictamente necesaria
porque la recomendacion IEC 60071-2 presenta una formulacion para determinar la
sobretension representativa a partir de algunos datos geométricos de la subestacion y de los
pararrayos (surge arrester). Sin embargo, se realizan simulaciones deterministicas para
verificar el comportamiento de las sobretensiones atmosféricas en la subestacion de
estudio.

2.4 Etapa IV: Calculo de coordinacion de aislamiento de acuerdo a la IEC 60071-2
La figura 2.1 se ha tomado de la Norma IEC 60071-1 y muestra el diagrama de flujo

para determinar el nivel de aislamiento de una subestacion. Este método consiste en el

calculo de tensiones representativas, tensiones de coordinacion, tensiones de sostenimiento

requerida y seleccion aislamiento normalizado.

ANALISIS DEL SISTEMA
CALCULO DE TENSIONES REPRESENTATIVAS

CALCULO DE TENSION SOPORTADA DE
COORDINACION Kcd

CALCULO DE TENSION SOPORTADA REQUERIDA
FACTORES DE SEGURIDAD Ks Y POR ALTURA Ka
W
CALCULO DE LA TENSION SOPORTADA
NORMALIZADA. FACTOR DE CONVERSION DE
ENSAYO

] 4
SELECCION DEL NIVEL DE AISLAMIENTO
NORMALIZADO

Figura 2.1 Diagrama de flujo para determinar el nivel de aislamiento. Traduccion de

la norma IEC 60071-1
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2.4.1 Tensiones Representativas.

El estudio de sobretensiones continda con la definicion de las tensiones
representativas, Urp, las cuales se calculan con ondas normalizadas para condiciones
operativas temporales a frecuencia nominal, de maniobra (frente lento).

Se calculan las sobretensiones representativas de maniobra o de frente lento tanto para los

equipos de entrada a la SE (equipos ubicados antes del seccionador de la entrada) como

para cualquier otro equipo.

Segun el Anexo D de la norma IEC 60071-2 se debe estimar el valor de truncamiento
de la distribucion de probabilidad a partir del valor de la sobretension del 98% encontrada
en los estudios del sistema (Ue2: sobretension fase—tierra y Up2: sobretension fase—fase),
la cual corresponde al valor de sobretension que tiene una probabilidad del 2% de ser
superado.

Para el calculo de la sobretension del 98% (Ue2 y Up2) se utilizan dos métodos, de
acuerdo con la metodologia propuesta en el numeral 2.3.3.1 de la norma TEC 60071-2
— Meétodo del valor pico por fase (Fase—Pico): para cada operacion de maniobra se

incluye en la distribucion de probabilidad de sobretensiones, el valor pico mas alto de
la sobretension entre cada fase y la tierra o entre combinacion de fases, o sea que cada
operacion contribuye con tres valores pico a la distribucion de probabilidad
representativa de sobretensiones.

— Meétodo del valor pico por caso (Caso—Pico): para cada operacion de maniobra se
incluye en la distribucion de probabilidad de sobretensiones, el valor pico mas alto de
las sobretensiones entre las tres fases y la tierra o entre las fases, o sea que cada
operacion contribuye con un valor pico a la distribucion de probabilidad representativa
de sobretensiones.

Segun haya sido la metodologia usada para determinar las sobretensiones estadisticas
(Fase—Pico 6 Caso—Pico), se debe emplear las siguientes expresiones para calcular las
tensiones de truncamiento (Uet y Upt):

— Meétodo Fase-Pico:

Ua= 1,25 Uez; — 0,25 (p.u.) Ug: tension de truncamiento de maniobra fase — tierra (2.7)

Up=1,25Up, — 0,43 (p.u.) U tension de truncamiento de maniobra fase — fase. (2.8)

— Meétodo Caso-Pico:

Ue = 1,13 Uez - 0,13 (p.u.) Ug: tension de truncamiento de maniobra fase — tierra. (2.9)

Up = 1,14 Uz — 0,24 (p.u.) Up: tension de truncamiento de maniobra fase — fase. (2.10)
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Con los resultados de las anteriores expresiones, las tensiones Urp de frente lento son:
Urp f-n para cualquier equipo = Ups = NPM del descargador.

Urp f-f para equipo a la entrada = 2 x Ups.
Urp f-f para equipos no a la entrada = Upt.

Para equipos que no se protegen con descargadores de sobretension, las sobretensiones
méaximas representativas son iguales al valor de truncamiento Uet (fase—tierra) y al Upt
(fase—fase).

Para sobretensiones de frente rapido la norma IEC 60071-2 propone un procedimiento
para el calculo de las sobretensiones representativas, cuyo resultado se considera en la
formula propuesta del siguiente numeral.

2.4.2 Tensiones Coordinacion.

A partir de los valores de las tensiones representativas Urp se calculan las tensiones de
coordinacion, Ucw. El valor Ucw se calcula para las sobretensiones temporales, para las
sobretensiones de frente lento y para las sobretensiones de frente rapido, utilizando el
factor Kc adecuado en cada caso.

En los casos de sobretensiones temporales y de frente lento se utiliza el factor Kc, el
cual es el factor con el cual se multiplica la sobretension representativa Urp para obtener el
valor de la tensidn de coordinacion soportada.

Para sobretensiones temporales (fase—tierra y fase—fase), Kc = 1.

Para sobretensiones de frente lento se utiliza la Figura 6 de la Norma IEC 60071-2, la cual
se reproduce en la Figura 2.2. E! valor de Kc puede ser obtenido aplicando métodos
deterministicos o estadisticos; este informe considera el método deterministico por la

facilidad en el procedimiento de calculo, en este caso Kc = Ked (Factor de coordinacion

deterministico).
115
Ked 140 g—re e
. .'"-, \\ 4a)
‘.". ‘. \w
105 < i .
tbf . | -
1.00 bt - . A /S A - |
H——
0.98 : [ S N S
03 05 07 0.9 1.1 13 15
>
Ue2 EC i

Figura 2.2 Factor de coordinacion deterministico Kcd para sobretensiones de

maniobra.



16

(a) Kcd, para obtener la tension de coordinacion soportada fase — tierra.
(b) Kcd, para obtener la tension de coordinacion soportada fase — fase.

Para sobretensiones de frente rapido (de origen atmosférico) se aplica la formula
recomendada en el Anexo F (numeral F.4) de la norma IEC 60071-2, en funcion de

distancias, indice de fallas y cantidad de lineas conectadas a la subestacion:

Ucw =Up+ é . —L—
n Le+la ..(2.11)
Donde:
Upi:  Nivel de proteccion al rayo del descargador.
A: Factor para lineas aéreas de transmision.
n: Minima cantidad de lineas conectadas a la subéstacién.
L: Distancia méaxima desde los descargadores al ultimo equipo protegido.

Lsp: Longitud del vano de linea (desde la subestacion hasta la primera torre de retencion.
Ra:  Tasa de fallas aceptable de equipos de subestacion.
Rkm: Indice de falla en el primer kilometro de la linea.
La:  Longitud equivalente de linea = Ra / Rkm.
El factor para lineas aéreas de transmision, se obtiene de la Tabla 2, segiin el Anexo F

(Tabla F.2) de la norma.

Tabla 2.1 Factor A para lineas aéreas.

Lineas de distribucién A [kV] |
Con crucetas puestas a tierra 900
En posteria de madera 2700

Lineas de transmision A [kV] |
Un solo conductor por fase. 4500
Con Haz de dos conductores por fase 7000
Con Haz de cuatro conductores por fase | 11000
Con Haz de seis a ocho conductores por fase . 17000

Para el nimero minimo de lineas en servicio (n) conectadas a la subestacion se
recomienda un valor de n =1 o n = 2; para obtener resultados conservadores se considera
n=1.

La distancia maxima (L) desde los descargadores de sobretension hasta el altimo
equipo protegido se calcula de acuerdo con la Figura 4 de la Norma, tanto para equipos con

aislamiento interno como para equipos con aislamiento externo. La distancia maxima debe
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considerar la configuracion de cada subestacion siguiendo la trayectoria que desarrolla el
conductor, de acuerdo con las diferentes condiciones operativas que se pueden dar en la
subestacion (apertura de interruptores y/o seccionadores). Por lo general, el ultimo equipo

a proteger (aislamiento externo) es el transformador de potencial (PT’s) de barras.

ag

Linea
ay
Descargac.!or de a4 Equipo
sobretensiones u protegido

&

|

fe=f o A

=3 ra /
7 // // /// /

iMalia de
puesta a tierra

Figura 2.3. Conexion de los descargadores y los equipos protegidos.

L = al+a2+a3-+a4. (Distancia maxima desde el descargador al Gltimo equipo protegido).
al: longitud del conductor de conexion entre el descargador y la linea.

a2: longitud del conductor de conexion entre el descargador y la malla de puesta a tierra.
a3: longitud del conductor de fase entre el descargador y el equipo protegido.

a4: longitud de la parte activa del descargador.

2.4.3 Tensiones de Sostenimiento Requerida.

Como lo define la Norma, la tension de sostenimiento requerida, Urw, es la tension de
prueba que el aislamiento de la subestacion debe soportar, garantizando que el aislamiento
cumple el criterio de buen desempefio cuando esta sometido a sobretensiones en
condiciones reales de servicio y para todo el tiempo de servicio. Este calculo parte de los
resultados de Tensiones de Coordinacion y se emplea un factor de seguridad (Ks) a fin de
tener en cuenta todas las diferencias entre condiciones reales de servicio, la calidad de la
instalacion, el envejecimiento de los equipos, otras influencias desconocidas, etc.; y el
factor de correccion atmosférico (Ka), para tener en cuenta las condiciones atmosféricas de
servicio a cualquier cota (altitud en m.s.n.m.) en los aislamientos de los equipos que estan
expuestos a las condiciones atmosféricas (aislamientos externos).

El valor Urw toma la forma:

Urw =Ks x Ka x Ucw . (2.12)
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Incluyendo el factor de seguridad Ks y factor de correccion por altura Ka. Este ultimo solo
considera la altitud, ya que se asume que por su influencia contrapuesta, los efectos de la
temperatura y humedad absoluta, tienden a cancelarse entre si.
Ks toma los siguientes valores para sobretensiones temporales, de frente lento y de

frente rapido:
Aislamiento interno: Ks=1,15.
Aislamiento externo: Ks =1,05.

Para el calculo de Ka la Norma presenta la siguiente formula para la determinacion del
factor de correccion atmosférica. Esta recomendacion advierte que las curvas que presenta
para determinar el factor m, son obtenidas de medidas experimentales realizadas para

alturas hasta de 2000 m.

...(2.13)

Donde:

— H: altura (m.s.n.m.). La correccion es necesaria para todas las instalaciones, aiin para
las ubicadas por debajo de 1000 m.s.n.m, para las cuales la correccion debe hacerse
con H = 1000.

El valor m, de acuerdo con la norma IEC 60071-2, numeral 4.2.2 denominado

“Altitude correction” (Correccion por altura) se calcula de la siguiente manera:

—  Para sostenimiento a frecuencia industrial de corta duracion: m = 1,00

—  Para sostenimiento a impulso atmosférico tipo Rayo: m = 1,00.

— Para sobretensiones de frente lento, m se lee de la siguiente figura 2.4 (tomado de la

figura 9 de la norma IEC 60071-2).

Donde las curvas de la Figura 2.4 se especifican de la siguiente manera:

(a) Aislamiento fase - tierra.

(b) Aislamiento longitudinal.

(c) Aislamiento fase — fase.

(d) Brechas de varilla - soporte.

Ya que no existe otra informacion de referencia para el calculo del factor m en alturas
superiores a 2000 m, este informe utilizo las expresiones descritas en las Notas del Curso
Alta Tension del profesor Justo Yanque para calcular el factor de correccion por altura.

Las condiciones de sitio de la SE. Juliaca son:

Altura de la Subestacion H: 3800 msnm.
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Temp. Promedio Max.: 15 °C
Temp. Promedio Min.: -15 °C
Humedad Relativa Promedio Anual 43.5%
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Ucws
Figura 2.4 Dependencia de m con la tensiéon Ucw.

El factor de correccion por altura se obtiene a partir de la siguiente relacion:
...(2.19)

Donde:
& : Factor de correccion por Densidad Relativa del Aire y se calcula con las siguientes

expresiones de Halley:

_3.92(b)
T 27340

...(2.15)

_ __H
logb =log76

..(2.16)

h : Factor de humedad Absoluta del Aire. Para calcular se tendran que usar figuras
mostradas en las notas del curso.
n : Factor por brecha de aire, se obtiene de la figura 2.5 denominado “Factor por brecha de
aire” (n)
Los valores de tensiones de sostenimiento, obtenidos después de ser considerada la
correccion por altura, se calculan asi:

Aislamiento externo: Urw=Ucw x Ks x Ka ... (217



Aislamiento intermo: Urw= Ucw x Ks

20

...(2.18)

0.5

5
d(m)

10

Figura 2.5. Factor por brecha de aire (n)

Finalmente, los valores de sostenimiento requeridos se complementan con los valores

de tensiéon de sostenimiento convertida Uw(c), utilizando factores de conversién para

Rango I (1 kV <Um <245 kV) y Rango IT (Um > 245 kV):

— EnelRangoI (1kV <Um<245kV), la tension de sostenimiento normalizada Urw al

impulso atmosférico y a frecuencia industrial debe cubrir la tension de sostenimiento

requerida a impulsos de maniobra;

— Enel Rango II (Um > 245 kV), la tension de sostenimiento normalizada al impulso de

maniobra debe cubrir la tension de sostenimiento requerida a frecuencia industrial,

Se calcula la tension de sostenimiento convertida Uw(c), utilizando factores de

conversion para Rango I y Rango II:

— Para equipos pertenecientes al Rango I, a partir de las tensiones de frente lento, se

calculan las tensiones convertidas Uw(c) de frecuencia industrial y de frente rapido.

— Para equipos pertenecientes al Rango II, a partir de las tensiones de frecuencia

industrial, se calculan las tensiones convertidas Uw(c) de frente lento.

Tabla 2.2. Factores de conversiéon para Rango L.

Aislamiento SDW LIW
Aislamiento Externo
- Fase-tierra
- Fase-fase 0,6+Urw / 8500 1,05+Urw /6000
Aislamiento interno: 0,6+Urw / 12700 1,05+Urw /9000
- GIS
- Aislamiento inmerso en liquido 0,7 1,25
- Aislamiento sélido 0,5 1,10
0,5 1,00
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La Norma proporciona los factores de conversion SDW (Short-duration power-
frequency withstand voltage) y LIW (Lightning impulse withstand voltage) que deben
aplicarse a la tension de sostenimiento de frente lento para convertirlos en sostenimientos a
frecuencia industrial y de frente rapido, respectivamente, los cuales se presentan en la
siguiente Tabla 2.2. La Norma también proporciona los factores de conversion SIW
(Switching impulse withstand voltage) que deben aplicarse a la tension de sostenimiento de
frecuencia industrial para convertirlos en sostenimientos de frente lento (Tabla 2.3).

Tabla 2.3 Factores de conversion para Rango II.

Aislamiento SIW

Aislamiento externo
- Aislamiento limpio, himedo 1,7

Aislamiento interno:

- GIS 1,6
- Aislamiento inmerso en liquido 2,3
- Aislamiento solido 2,0

2.4.4 Seleccion del aislamiento normalizado.
En la tltima etapa del proceso, se definen los niveles de sostenimiento normalizada y

las distancias minimas en aires que debe tener la subestacion.

a. Definicion de la tension de sostenimiento normalizada:
La tension de sostenimiento normalizada, Uw, es el valor final normalizado asignado
para el aislamiento del equipo de la subestacion estudiada y garantiza que el
aislamiento cumple con todas las tensiones de sostenimiento requeridas.
Se definen los valores para el aislamiento fase—tierra y fase —fase a partir del
maximo valor obtenido entre la tension de sostenimiento normalizada, Uw, y la
tension de sostenimiento convertida Uw(c)
Para equipos en Rango I (1 kV < Um <245 kV), se define la tensidon de sostenimiento
a frecuencia industrial y al impulso de frente rapido (atmosférico), de acuerdo con la
Tabla 1a o Tabla 1b de la norma IEC 60071-1. En la mayoria de los casos, las
tensiones de sostenimiento convertidas que se obtienen a frecuencia industrial,
corresponden a valores altos que implican niveles de aislamiento muy exigentes.
Para equipos en Rango II (Um > 245 kV), se define la tension de sostenimiento al
impulso de frente lento (maniobra) y al impulso de frente rapido (atmosférico), de

acuerdo con la Tabla 2a o Tabla 2b de la norma IEC 6007 1-2
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Finalmente, definido el nivel de aislamiento normalizado, se obtienen las distancias

minimas de separacion fase—tierra y fase—fase en el aire de acuerdo con la Tabla A-1,

Tabla A-2 y Tabla A-3 de la IEC 60071-1

b.

Definicion de distancias minimas de separacion:

La Norma presenta las distancias minimas de separacion requeridas en el aire
(fase—tierra y fase—fase), de acuerdo con la tension de sostenimiento normalizada al
impulso  atmosférico para  subestaciones con equipos en Rangol
(1 kV <Um <245 kV).

Tabla 2.4. Distancias minimas de separacion en el aire.

Tension de  sostenimiento Distancia minima [mm)
normalizado al impulso
atmosférico [kV] Varilla - estructura | Conductor - estructura
20 60
40 60
60 90
75 120
95 160
125 220
145 270
170 320
200 380
250 480
325 630
380 750
450 900
550 1100
650 1300
750 1500
850 1700 1600
950 1900 1700
1050 2100 1900
1175 2350 2200
1300 2600 2400
1425 2850 2600
1550 3100 2900
1675 3350 3100
1800 3600 3300
1950 3900 3600
2100 4200 3900
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—Para fase — tierra, la distancia minima de separacion aplica en las configuraciones

varilla — estructura y conductor — estructura.

—Para fase — fase, la distancia minima de separacion aplica en la configuracion

varilla — estructura.
2.5 KEtapa V: Revisién del Apantallamiento

Se plantea a continuacioén una metodologia que permite obtener las alturas efectivas
de los elementos apantalladores de subestaciones con el fin de proteger los equipos por
descargas atmosféricas con base en la norma IEEE Std. 998 — 1996 [12] mediante el
modelo electrogeométrico empleando el método de la esfera rodante.

El modelo Electrogeométrico se basa en el concepto del ultimo salto de la descarga de
la guia o lider escalonado del rayo descendente desde la nube, llamado distancia de
descarga, que puede ser en la direccion del cable de guarda, del conductor o de la tierra,
dependiendo de la que presente la menor distancia en relacion con el punto de descarga.
Esta distancia de incidencia es en funcion de la corriente del rayo.

La distancia de descarga determina la posicion de la estructura apantalladora con
respecto al objeto que se quiere proteger, tomando en cuenta la altura de cada uno con
respecto a la tierra. Dicha distancia esta relacionada con la carga del canal de la guia del
rayo y por lo tanto es una funcion de la corriente de retorno del mismo.

A partir de esta distancia de descarga se calcula la corriente de retomo, que ha sido
ampliamente estudiada por Mousa. Graficamente se trazan circunferencias con radio igual
a la distancia de descarga para los objetos a proteger, y el equipo que penetre estos arcos
estara desprotegido. Otra forma de visualizar lo que ocurre es imaginar una esfera rodante
sobre los equipos de la subestacion limitados sobre los elementos apantalladores, como se
muestra en la figura 2.6.

El objetivo es determinar la altura efectiva del apantallamiento, mediante el siguiente
procedimiento:

- Altura promedio
La altura promedio de los cables de fase hav se calcula a partir de:
hav=h+2 hmin /3 ...(2.19)
Donde:
h: Altura de conexion del cable de fase en m
hmin: Altura en la mitad del vano en m se calcula por: hmin=h—-wL

L: Longitud del vano en m
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w: Constante que relaciona la flecha maxima Yc con L, valor entre 0,02 y 0,06
[Referencia Libro Hidroestudios Mejia Villegas HMV-Gustavo Londofio]
- Radio corona
Mediante la siguiente ecuacion:
RcxIn(2hav/Re)—-Ve/Eo=0 ...(2.20)
Donde:
Rc:  Radio corona en m
hav:  Altura promedio del conductor en m
Eo:  Gradiente de corona limite en kV/m
Vc:  Maxima tension soportada por el aislamiento de los aisladores para una onda de

impulso con polaridad negativa con frente de 6 ms en kV.

Radio de la esfera rodante

Zona de Proteccion 4

e
¢ 'l
/
/’ Equipo Protegido Equipo no prcrteg[do
por el apantallamiento por el Apantallamiento
— = s —
g | I (AT H
- f 3 I . 1] -
=

1 _ 1 K7
T o Distancia de separacion '
entre porticos

-

Figura 2.6 EGM mediante la esfera rodante
La solucion de la ecuacion se encuentra empleando el método de Newton Raphson.
En el caso de tener conductores en haz:
Rc’=Ro +Rc ...(2.21)
Donde:
Ro: Radio equivalente en m
- Impedancia caracteristica

Mediante la siguiente ecuacion:

Zs = 60 ,/In (Zhav / Rc) In(Zhav / r) .(2.22)
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Donde:
hav: Altura promedio del conductor en m
r: Radio del conductor o Ro caso conductores en haz en m
Rc: Radio corona en m

- Corriente critica:
Es la corriente que coloca en riesgo el aislamiento:
Ic=22BIL/Zs ...(2.23)
O por:
Ic = 2,068 (CFO) / Zs ..(224)
Donde:
Zs:  Impedancia caracteristica en ()
BIL: Tension soportada al impulso atmosférico en kV
CFO: Tension critica de flameo de los aisladores en kV
- Distancia de descarga critica
Se determina por:
...(2.25)
Ic: Corriente critica en kA
k: Coeficiente que considera las diferentes distancias de descargas para cable de
guarda | y para mastiles 1,2
- Altura efectiva
Por ultimo se calcula la altura efectiva que depende de la configuracion que se este

utilizando para apantallar, por ejemplo para dos cables de guarda se tiene:

he=Sm—\/Sm2— d? ...(2.26)

Donde:
Sm: Distancia de descarga en m
d: Corresponde a la mitad de la distancia entre porticos o la mitad del ancho de
campo en m.
2.6 Etapa VI: Diagnéstico del aislamiento
Con la informacion resultante de aplicar las etapas II, III y IV se contrasta con 1a
informacion recopilada de la Etapa I a fin de brindar recomendaciones para la coordinac

de aislamiento de la subestacion.



CAPITULO III

APLICACION DE LA METODOLOGIA PARA VERIFICAR EL AISLAMIENTO
A UNA SUBESTACION EXISTENTE

La subestacion de prueba para aplicar la metodologia propuesta en el Capitulo II es la
subestacion Juliaca 138/60/22,9/10 kV. Esta subestacion se ubica a 3800 m.s.n.m en el
departamento de Puno. y forma parte de la concesion a la empresa Red de Energia del
Peru.

A partir de la comparacion de los niveles de aislamiento minimos requeridos y los
aislamientos existentes, se diagnosticara el estado de los equipos de la subestacion Juliaca.
3.1 Recopilacion de informacion para el estudio

La informacion que se requiere para diagnosticar el aislamiento de los equipos se
encuentra resumida de la siguiente manera:

La subestacion se encuentra a 3800 m.s.n.m.

En 138 kV tiene asociada las celdas de las lineas Azangaro Juliaca (L-1001) y Juliaca

Puno (L-1012), ambas conductor AAAC 240 mm? y 300 mm’ respectivamente y con

cable de guarda de acero galvanizado EHS 7 (1+6) de 10mm didmetro.

En 60 kV cuenta con una celda de transformacion hacia Minera Cementos Sur.

El Patio de 138 kV y 60 kV cuenta con un Apantallado contra rayos directos, sin

embargo los planos asociados al nivel de 60 kV no estan elaborados.

En el 2009 se disefid la ampliacion de esta subestacion con nuevo transformador de

potencia.

En 22,9 kV, celdas encapsuladas en GIS que fueron instaladas recientemente en el

2009

Los Pararrayos son de CSi excepto en la zona de la ampliacion que cuenta con

pararrayos ZnQO.

Los soportes dela LT en 138 kV son de Acero reticulado

El Nivel de Contaminacion es ligero porque La subestacion se encuentra en una zona

agricola y montafiosa, frecuentes lluvias y viento. Presenta baja densidad de poblacion

y viviendas con calefaccion.
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— La precipitacion media anual es de 55 mm/afio y los meses de lluvia son de enero
hasta abril (verano)

— Los Parametros tipicos son Presion atmosférica 47.2 cmHg, Temperatura 15 °C y
Humedad Absoluta es 44%.

El nivel Isoceratnico es de 40 dias/Afio y la densidad de Rayos es de (0.19x40)
7.6/km2/Afio

— Planos de ubicacion de equipos, vista en planta, de elevaciones y/o cortes de la S/E

—~ Diagrama unifilar de la subestacion y del area de estudio (Informativo)

—  Nivel de aislamiento de los transformadores de potencia y otros equipos (Tabla 3.1 y
Tabla 3.2)

Tabla 3.1 Resumen del aislamiento de la subestacion.

Aislamiento Extemo de los Equipos de Patio (KV)
(Minimos valores de aislamiento encontrados en la subestacién)
e Soportabilidad -
EQUIPO N c')l'“l’i' Ilt\:ls;«f)?‘kV) Tensuo(rll\r;)\a s a la freguencia i;ﬁ::?g‘::?ka
industnal (kV)
Inter ruptor 138 170 325 750
Seccionador -138 145 275 650
Trafo de Corriente 138 170 325 750
Trafo de Tension 138 145 275 650
Interrugtor 60 72.5 140 325
Seccionador 60 100 150 380
Trafo de Cormriente 60 72.5 185 450
Trafo de Tensién 60 84 150 380
Interruptor (1) 229 24 50 125
Seccionador (1) 229 NA NA NA
Trafo de Corriente (1) 229 NA NA NA
Trafo de Tension (1 22.9 NA NA NA
Interruptor de celdas lineas 10 7.5 38 75 695
Interruptor de celdas trafos 10 17.5 38 75 695
Trafo Corriente de celdas lineas 10 24 50 125
Trafo Corriente de CL-T52 10 17.5 38 95
Trafo Corriente de CL-T54 10 17.5 38 95
Trafo de Tension Barra A (TV-152) 10 24 50 125
Trafo de Tension CL-T52 10 24 50 125
Trafo Potencia T51-261 (2) 138 145 27 650
Trafo Potencia T51-261 60 NN NN NN
Trafo Potencia T51-261 10 NN NN NN
Trafo Potencia T52-61 60 100 185 450
Trafo Potencia T52-61 10 24 50 125
Trafo Potencia T54-61 60 72.5 140 325
Trafo Potencia T54-61 10 17.5 38 75 695
Trafo Potencia T63-121 138 170 325, 750
Trafo Potencia T63-121 22.9 36 70 170
Trafo Potencia T63-121 10 24 50 125
(1)Sistesna encapsulado (GIS)
(2) Deto alcanzado por el 4rea de EPA
[Valores en negrita. Se supone el valor segin los niveles normalizados de aislaniento (nawa IEC60071-1)
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La referencia de los descargadores de sobretensiones (surge arresters) instalados en la
subestacion se encuentra en la Tabla 3.3.

Tabla 3.2 Resumen de aislamiento interno

Aislamiento Intermo de los Equipos de Patio (kV)
(Minimos valores de aislamiento encontrados en la subestacién)

EQUIPO TENSION Tensién maxima 2‘:2?:;2‘2?’2:; Soportabilidad al

NOMINAL (kV) (kV) industrial (kV) impulso rayo (kV)
Trafo Potencia T51-261 (2) 138 145 185 450
Trafo Potencia T51-261 60 72.5 140 325
rafo Potencia T51-261 10 7.2 20 60
[Trafo Potencia T52-61 60 72.5 140 325
[Trafo Potencia T52-61 10 12 28 =
ITrafo Potencia T54-61 60 72.5 140 325
rafo Potencia T54-61 10 12 28 || —
rafo Potencia T63-121 138 170 325 | 750
[Trafo Potencia T63-121 229 24 50 -
rafo Potencia T63-121 10 12 28 -

Siguiendo la metodologia propuesta se realizo, en ATP Draw, la implementacion de
un modelo completo de las redes asociadas a la subestacion Juliaca sobre el cual se pueden
simular diferentes maniobras y condiciones de operacion del sistema para determinar la
magnitud de las sobretensiones a las que se verian sometidos los equipos, la informacion
utilizada fueron los protocolos de pruebas de vacio y cortocircuito de los transformadores
de potencia, parametros eléctricos de las lineas de transmision, parametros de secuencia de
los circuitos de las instalaciones que participan en los calculos, configuracion geométrica
de las estructuras de las lineas asociadas a la subestacion, tipo de conductor de las lineas
eléctricas, material, longitud del vano promedio de la linea, equivalentes de cortocircuito
en demanda minima de las subestaciones adyacentes a la subestacion en estudio.

El modelo completo se adjunta en medio magnético al informe de suficiencia.

3.2 Verificacion de la seleccion de pararrayos

La informacion que se requiere para diagnosticar el aislamiento de los equipos se
encuentra resumida de la siguiente manera:

Aplicando este procedimiento, se obtienen las tensiones nominales (Ur) y de operacion
continua (COV) para los descargadores de sobretensiones en la subestacion Juliaca en los
niveles de tension 138 kV, 60 kV 22.9 kV y 10 kV, las cuales seran el parametro basico
para la seleccion de los parametros tipicos (NPR y NPM) de los descargadores que se
consideran en la coordinacion de aislamiento. En la que se presenta la metodologia de
seleccion de pararrayos aplicada a los cuatro niveles de tension que tiene la subestacion
Juliaca.

En la Tabla 3.4 se presenta la seleccion de los pararrayos existentes en la subestacion

Juliaca. Los resultados obtenidos en la Tabla 3.4 estdn basados en supuestos muy
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conservadores. Se puede observa de la Tabla 3.7 (Sobretensiones temporales) que la

maxima sobretension temporal esperada es 1.11 pu. Fase-Fase y 1.03 Fase-Tierra. Con esto

se puede verificar que los pararrayos de tension nominal 108 kV, que son los instalados en

Juliaca, operaran correctamente.

Tabla 3.3 Tensiones nominales de los pararrayos (surge arrester)

Nivel de tension: 138 kV

Caracteristica T51-161 T63-261 CL-LINEAS
Fabricante ABB (1) TRIDELTA Cooper
Modelo XAQ 145A2/108 SB108 Varistar AZG3
Ur kV 108 108 120
In kA 10 10 10
Clase 3 3 3
Capacidad de energia kJ 842.4 723.6 540

Nivel de tension: 60 kV

Caracteristica T54-61 T52-61 T51-161
Fabricante Cooper SIEMENS ABB (1)
Modelo Varistar AZG3 3EL2 063-2PJ31 XAQ 72A3/72
Ur kV 60 63 72
in KA 10 10 10
Clase 3 3 3
Capacidad de energia kJ 270 0 561.6

3 Nivel de tension: 22.9 kV

Caracteristica T63-121
Fabricante TRIDELTA
Modelo SBK-11i/10.2
Ur kV 21
In kA 10
Clase 2
Capacidad de energia kJ 245

Nivel de tension: 10 kV

Caracteristica T51-161 ::::;_:: T63-161
FaEicante ANSCO (2 TYCO (3)
Modelo XBE MCAQ 15 -
Ur kV 12 15 15
In kA 10 10 =
Clase 3 3 =
Capacidad de energia kJ 54 67.5 67.5

pararrayos ABB Modelo EXLIM Q.

residual.

(1) Debido a la antigedad del equipo no se encontrd informacion suficiente del fabricante. Por tanto se opté por tomar datos de

(2)Debido a la antigiedad del equipo no se encontré informacion suficiente del fabricante. Por tanto se opté por tomar datos de
pararrayos Cooper Varistar Modelo AZG3.
(3)No se cuenta con informacion técnica de este paramayos. Sin embargo se opté por tomar datos de pararrayos de mayor tension

Para la coordinacion de aislamiento se utiliza la siguiente informacion tipica

descargador de sobretensiones segin muestra la Tabla 3.5

de un
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o Tension Nominal
Garaciarisiy 138KV | 60KV | 229KV | 10KV
Um kV 145.0 725 240 17.5
COV =Um / raiz(3) kV 83.7 419 13.9 10.1
Ke 14 14 14 14
TOV =Ke. COV kV 1172 58.6 194 141
Ko 0.8 08 0.8 1.8
Ro = COV/Ko kv 104.6 92.3 173 5.6
Kt 1.2 1.2 1.1 1.2
Re = TOV/Kt kv 1019 51.0 18.3 12.3
R* = max(Ro,Re) kv 104.6 52.3 18.3 123
Fs 1.05 1.10 1.10 110
R=R*.Fs kV 109.9 57.6 20.1 13.5
Ur kV 120 60 21 14
(n kA 10 10 10 10
Clase 203 203 203 263
Tabla 3.5. Niveles de proteccion al impulso tipo rayo y maniobra
Tension EL GL] 23K 0K
Ubicacion | T51161 | T63261 |CLLINEAS| 75461 | Ts21 | Tst-t61 | Tes-121 | Tstae 123‘2; T63-121
Fabricante | ABB | TRIDELTA | Cooper | Cooper | SIEMENS | ABB | TRIDELTA| ANSCO | TYCO =
Model 14);"@%8 SBI08 V:;;tgr V:;ggf 3%(3’??’ 7’;“;",‘7’2 sek02| YeEm | Mcaats | @
RV | 254 29 2% 5 1% ) 531 24 | 528 | 202
NPM(kV) | 214 0 27 121 118 143 51 %7 | %7 332
(1) Debido ata antigiiedad del equipono se encontrdinformacion suficiente del fabricante. Por tanto se opto por tomar datos de paramayos ABB Modelo EXLIMQ.
(2)Debido a a antigiedad def equipo no se encortrd informacicn suficiente del fabricarte. Por tanto se opto portomar datos de paraayes Cooper Varistar Modelo AZG3.
(3INo se cuenta con informacion téonica de este paraayos, tampoco se eventa instafado. Sin embargo se opid por fomar Gatos de un pararayos Cooper Varistar AZGS3,

3.3 Estudio de sobretensiones

Las siguientes son las simulaciones efectuadas para las diferentes operaciones

generadoras de sobretensiones:

Sobretensiones temporales:

Rechazo de carga (efecto Ferranti)

— Falla monoféasica en la subestacion Juliaca

Sobretensiones de maniobra:

- Recierre monopolar de lineas

Energizacion de lineas
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Energizacion de transformadores

Energizacion de equipos de compensacidn reactiva
3.3.1 Sobretensiones Temporales:

El analisis del Efecto Ferranti, se realiza para cada una de las lineas de transmision a
138 kV, 60 kV y 10 kV dejando un extremo conectado a la tension del sistema, mientras
que el otro extremo permanece abierto para realizar los registros de tension.

Se simula una falla monofésica para cada uno de los 4 barrajes a 138 kV, 60 kV,
229 kV y 10 kV de la subestacion y se observa la sobretension que se presenta en las fases
sanas.

3.3.2 Sobretensiones de Maniobra

Se adoptan tensiones base pico para cada uno de los dos niveles de tension, para
expresar los valores de sobretensiones en p.u.

Para el sistema de 138 kV:

112,7 kV (tension base pico fase-tierra)

195,2 kV (tension base pico fase-fase)
Para el sistema de 60 kV:

49,0 kV (tension base pico fase-tierra)

84,9 kV (tension base pico fase-fase)
Para el sistema de 22.9 kV:

18,7 kV (tension base pico fase-tierra)

32,4 kV (tension base pico fase-fase)
Para el sistema de 10 kV:

8,2 kV (tension base pico fase-tierra)

14,1 kV (tensidn base pico fase-fase)

Las maniobras estadisticas simuladas, permiten obtener los valores medios y la
desviacion estandar (o) con las cuales se calcula el valor estadistico que corresponde a las
sobretensiones con el 98% de probabilidad de ocurrencia, que seran utilizadas
posteriormente para los estudios de coordinaciéon de aislamiento de acuerdo a las Normas
IEC 60071-1y IEC 60071-2.

Energizacion de lineas y transformadores
Para simular esta maniobra se mantiene el interruptor de un extremo del elemento

abierto y se realiza la energizacidn a través del interruptor del otro extremo.
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En el extremo que permanece abierto se debe llevar registro de la tension fase-fase, la
tension fase-neutro y la energia del pararrayos asociado.
Recierre monopolar

Para simular esta maniobra se efectiian los siguientes pasos:

En T=0 se considera el tiempo de falla monofasica en la linea. En el punto de falla, no

se modela la impedancia a tierra para conseguir el efecto de la carga atrapada en la

linea y obtener mayores sobretensiones durante el recierre, esta maniobra representa el

caso mas exigente para el aislamiento.

100 ms después del tiempo de falla se simula la apertura monofasica de la fase fallada

en ambos extremos de la linea.

600 ms después de la apertura de la linea (tiempo muerto) se efectua el recierre

monofasico de la fase fallada en un extremo de la linea manteniendo el otro extremo

abierto.

En el extremo que permanece abierto se debe llevar registro de la tension fase-fase, la
tension fase-neutro y la energia del pararrayos asociado.
3.3.3 Resultados

Los resultados obtenidos de las simulaciones se expresan en p.u. Para las
sobretensiones temporales se utiliza como base la tension nominal rms y para las
sobretensiones de maniobra se utiliza como base la tension nominal pico.

Estos valores en por unidad estan referencias a la tension nominal. El efecto Ferranti
es mas notorio en las lineas de alta tension que tienen mayor distancia, para este caso en la
linea Azangaro-Puno 138 kV (Véase Tabla 3.6 y Tabla 3.7).

Tabla 3.6 Resultados rechazo de carga (efecto Ferranti)

SOBRETENSIONES POR EFECTO FERRANTI EN LINEAS
. o Extremo REGISTRO DE SOBRETE.NSION SOBRETENSION
LINEA Energizacion ot e Fase - Tierra Fase - Fase
abierio TENSION EN

p.u. p.u.
LINEAS 138 kV

Azangaro - Juliaca Azangaro Juliaca Juliaca 1.02 1.02

Puno - Juliaca Puno Juliaca Jufiaca 1.1 1.1
LINEAS 60 kv

Puno - Juliaca Puno Juliaca Juliaca 1.04 1.04
LINEAS 10 kv

Taparachi - Juliaca Taparachi Juliaca Juliaca 1.00 1.00




Tabla 3.7 Resultados Sobretension por falla monofasica

SOBRETENSIONES POR FALLA MONOFASICA
Sobretensién Fase-Tierra p.u Sobretension Fase-Fase p.u
Subestacion Fase A Fase B Fase C Fase A-B | Fase B-C| Fase C-A
Juliaca 138 kV 0.00 1.03 0.98 0.59 1.1 0.57
Juliaca 60 kv 0.00 0.98 0.96 056 1.10 055
Juliaca 10 kv 0.00 1.46 1.43 0.85 1.10 0.82
Juljacaaz kY 0.00 098 0.96 0.56 1.10 055
(Futuro)

Tabla 3.8 Sobretensiones fase - tierra por energizacion de lineas
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FASE A FASEB FASEC
REGISTRO SOBRETENSION SOBRETENSION SOBRETENSION
ENERGZACIONEN | DETENSON | (101 ESTADiSTCA |\ ESTADISTCA | L ESTADISTICA. | MAXIMA
EN g (38%) o © (8% ° (38%)
p.u. pL p
pu. pu. puL
LINEAS 138 kV
dulica -Azngaro || 1m0 | oo 1742 | 1500 | 0421 1757 | 155 | 0113 1758 | 1758
extremo remoto
duliaca -Puno extremo |y o | ysr | goms 1687 | 156 | oont 1602 | 150 | oot s | 1
remoto |
LINEAS 60 kv
i ) P l 1667 | 0214 2.108' 1568 | 022 2087 | 1605 | 025 2068 | 2108
remoto
LINERS 10 kV
" 1
s -Togwach | o, !.06#1 o.ozs{ 1.124( 1058 | 0032 124 | 1062 [ 0031 15 | 115
extremo remoto
Tabla 3.9 Sobretensiones fase - fase por energizacion de lineas
FASES AC FASES BC FASES A-B
REGISTRO SOBRETENSION SOBRETENSION SOBRETENSION
ENERGIZACIONEN | DETENSION | VALOR EsTADiSTICA | “ALOR EstaisTica | VALOR ESTADISTICA | MAXIMA
MEDIO ¢ MEDIO o MEDIO G
EN i (98%) x (98%) . (98%)
- pu. po. p.u. P. p.u.
LINEAS 138KV
Juiaca -pringaro | o s | ot 1770 | 1365 | o6 1 | 1409 | o |
S . " ) 4 ! : ; 0.178 1778 | 1778
lleca- Pumo edremo | 30 | qam0 | o 1828 | 155 | 0154 18 | 149 | 0165 180 | 18
remoto
LINEAS 60 kV
Julieca-Punoetremo | Lo | s | 02 219 | 1501 | 02 2120 | 1881 | oow 210 | 2140
remoto
LINEAS 10 kv
Juliaca - Taparachi
ool Jifiaca 1004 0.021 1.096 1.052 0021 1.094 1084 | 0022 1.099 1.099
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Tabla 3.10 Energia en descargadores de sobretensiones por energizacion de lineas

REGISTRO DE

ENERGIA MAXIMA

ENERGIZACION TENSION EN (D)
Linea Juliaca - Azangaro 138 kV Juliaca 9659.00
Linea Juliaca - Puno 138 kV Juliaca 7617.02
Linea Juliaca - Puno 60 kV Juliaca 0.04
Linea Juliaca - Taparachi 10 kV Juliaca 0.0025

De los resultados de la Tabla 3.8 y la Tabla 3.9 se observa que la sobretension maxima

encontrada no supera el 2,14 p.u. y de la Tabla 3.10, la maxima energia encontrada para la

energizacion de lineas fue de 9,6 kJ para las lineas de 138 kV, 0.04 J para la linea de 60 kV

y 0.00257J para la linea de 10kV. En ninguno de los casos se supera la energia

especificada en las hojas técnicas de los pararrayos.

Se presentan resultados estadisticos de sobretensiones por maniobra de recierre

monopolar fase — tierra (Tabla 3.11) y fase-fase (Tabla 3.12) y los resultados de energia

maxima en los descargadores de sobretensiones (Tabla 3.13) para 100 maniobras

analizadas.

Tabla 3.11 Sobretensiones fase - tierra por recierre monopolar

FASER FASED FASEC
REGISTRO . ! .
recerieEy | oEransc | VALOR SOBRETENSION | VALOR SOBRETENSION | VALOR SOBRETENSION | 1o
o | WEDO | o [ESTADISTICASGH] MEDIO | o  [ESTADISTICA(SN MEDO | o [ESTADISTIA (384
puL pu. p.u. pu. pu. pu.
LINEAS 138 kv
Juiaea-Rengo | e | s | o 207 | 158 | o2 196 | 170 | o 2000 | 2060
extremo remoto
""‘”‘"r;:;“”"” Maca | 159 | 0185 190 | 158 | 01 197 | 1611 | 01 196 | 195
Tabla 3.12 Sobretensiones fase - fase por recierre monopolar
FASES AC FASES B FASES A
REGITRO | . y . .
PR e OBRETENSION | VALOR SOBRETENSION | VALOR SOBRETENSION | 4oy
e | MEDO | o [ESTADISTCA(SEW) MEDIO | o [ESTADISTICA(SB%) MEDIO | o [ESTADISTICA (t8%)
pu. pu pu. pu. pu pu
LINEAS 138KV
Juiaca-Reagzo | e | qam | osse 182 | 145 | 017 176 | 135 | ame | 1
extremo remoto
"““”a'r:n":o“"m Maa | 13| o7 1| 14| o1 178 | 134 | 08 1680 | 1783
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Tabla 3.13 Energia en descargadores de sobretensiones por recierre monopolar

REGISTRO DE | ENERGIA MAXIMA
RECIERRE EN TENSION EN )
Linea Juliaca - Azangaro 138 kV Juliaca 38859.69
Linea Juliaca - Puno 138 kV Juliaca 26316.41

Tabla 3.14 Sobretensiones fase - tierra por energizacion de transformadores

FASEA FASE B FASE C
SOBRETENSION SOBRETENSION SOBRETENSION
ENERGIZACIONEN | TECISTRODE | VALOR estapistica | VALOR estapistica | VALOR ESTADISTICA | MAXIMA
TENSIONEN | MEDIO ¢ MEDIO o MEDIO G
“ (98%) b (98%) pu (98%)
P pu ' pL ' Pk
TRANSFORMADOR T63-121
13822.910kV
Altatension 1002 | 0.005 1012 | 1.002 | 0005 1012 | 1002 | 0006 104 | 1014
ALTA TENSION Medfa tension 1036 | 0014 1066 [ 1035 | 0012 109 | 1033 [ 0008 1052 | 1064
Baja tension 1278 | 0034 1348 | 1305 | 0026 1358 | 1000 | 0012 1114 | 1358
TRANSFORMADOR T51-161
1386010 kV
Altatension 1013 | 0014 1041 | 1017 | 0023 1064 | 1013 | 0015 1043 | 1.064
ALTATBNSION Medatension 1016 | 0018 1053 | 1021 | 005 1073 | 1018 | 0020 1060 | 1.073
Bajatension 1017 | 0021 1058 | 1017 | 0020 1059 | 1017 | 002 1062 | 1.062
TRANSFORMADOR T54-61
60110KV
1 |
Altatensibn 099% | 0001 099 | 0996 [ 0009 0998 | 0996 | 0001 0998 | 098
ALTA TENSION
Bafa tension 0993 0001 0.9% 0933 0000 0994 0993 0.001 0.99% 0.995
Altatension 1010 | 0001 1011 | 1010 | 0001 1011 | 1010 | 0.001 1011 1011
BAJA TENSION
Baja tension 1010 | 0001 10122 | 1010 | 0001 1012 [ 1010 | 0001 1012 | 1012
TRANSFORMADOR T52-61
B0/10kV
Altatension 0995 | 0005 1006 | 0993 | 0003 1000 | 0993 | 0.004 1.001 1.006
ALTA TENSION
Bajatension 0986 | 0002 0989 | 0986 | 0.001 0989 | 0986 | 0002 0989 | 0989
Akatension 1015 [ 0018 1052 [ 1014 [ 0017 105 [ 1.0 [ 0018 1051 | 1052
BAJA TBNSION
Baja tension 1013 | 0015 104 | 1012 | o016 1045 | 1016 | 0019 1066 | 1056

De los resultados de la Tabla 3.11 y la Tabla 3.12 se observa que la sobretension
maxima no supera 2,06 p.u. La maxima energia encontrada para el recierre monofasico

fue de 38,9 kJ para las lineas de 138 kV estudiadas. En ninguno de los casos se supera la
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energia especificada en las hojas técnicas de los pararrayos por lo que los pararrayos
operan correctamente a estas maniobras sin daiiarse.

Los siguientes son los resultados de las sobretensiones por energizacion de
transformadores. Se presentan resultados estadisticos de sobretensiones fase — tierra (Tabla
3.14) y fase-fase (Tabla 3.15) y los resultados de energia maxima en los descargadores de
sobretensiones (Tabla 3.16) para 100 maniobras analizadas. De estos resultados se observa
que la sobretension maxima no supera el 1,3 p.u. y la maxima energia absorbida por los
pararrayos es menor que 0,146 J. En ninguno de los casos se supera la energia especificada
en las hojas técnicas de los pararrayos.

Tabla 3.15 Sobretensiones fase - fase por energizacion de transformadores

FASES A FASES BC FASES AB
SOBRETENSION | | 5OBRETENSION SOBRETENSION
ENERGEACIONEN | RECTRODE | VALOR EsTaDisTicA | VALOR estapisTica | VALOR ESTADISTICA | MAXIMA
TENSIONEN | MEDIO = MEDIO | o MEDIO | & )
] (98%) N (98%) . (98%)
pd. pu. P pu. g pu.
mmhmmLm
138122.940 KV
]
Alta fensidn 1.003 | 0.006 1005 | 002 | 0005 1013 | 1002 | 0004 1010 | 1015
ALTA TENSION fMediatension | 1036 | 0014 1066 | 1035 | 0013 1061 | 1.036 | 0014 1066 |  1.066
Bajatension 1035 | 0010 1032 | 1032 | 0007 1047 | 1034 | 0.008 1051 | 1051
TRANSFORMADOR T51-161
138/60H0 kV
Aa tension 1014 | 0014 1.4 | 1014 | 0013 1040 | 1014 | 0012 1009 | 108
ALTA TENSION Medatension | 1017 | 0021 1060 | 1016 | 0020 1057 | 1017 | 0020 1057 1.oso|
Baja tension 1018 | 0020 1000 | 1020 | 0023 1066 | 1.023 | 002 1076 | 1.076
TRANSFORMADOR T54-61
80110 KV
Altatension 0% | 0.001 0997 | 099 omo] 0997 | 0996 | 0.001 0998 | 0.996
ALTA TENSION
Baja tension 0993 | 0.001 0995 | 09% | 0002 0997 | 0993 | 0.001 09%5 | 0997
|
Alta tension 1010 | 0001 1011 | 1.010 | 0.001 l 1011 | 1010 | 0001 101 | 101
BAJA TENSION '
Baja tension 1010 | 0001 1011 | 1010 | 0001 1011 | 1010 | 0.001 1011 | 101
TRANSFORMADOR 15261
6010 KV
Alta tension 0993 | 0004 1002 | 0993 | 0004 1002 | 0993 | 0004 1002 | 1002
ALTA TENSION
Baja tension 0985 | 0001 0988 | 0985 | 0001 0987 | 0986 || 0.000 0986 | 0988
Alta tension 1010 | 0013 1036 | 1009 | 0012 10% | 1011 | 0014 1040 | 1040
BAJA TENSION
Baja tension 1015 | 0018 1052 | 1014 o.o1sJ 1051 | 1014 || 0017 1050 | 1.052
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Tabla 3.16 Energia en descargadores de sobretensiones por energizacion de

transformadores
. REGISTRO DE | ENERGIA MAXIMA
ENERGIZACION TENSION EN )

Alta tension 0.1073
TRANSFORMADOR T63-121 . .
138/22.9110 kV Media tensiéon 0.0161

Baja tension 0.0043

Alta tension 0.0670
TRANSFORMADOR T61-161 . .
138/60/10 kV Media tension 0.0190

Baja tensién 0.0032

Alta tensién 0.0227
TRANSFORMADOR T64-61
60/10 kV ]

Baja tension 0.0026
TRANSFORMADOR T62-61 Alta tension e
60/10 kV

Baja tension 0.0025

3.4 Calculo de Coordinacion de Aislamiento para equipos en 138 kV

Tal como se observa en el Anexo D “Detalle de la Subestacion Juliaca” este nivel de

tension se ha dividido en 4 zonas o area de proteccion, para facilitar los calculos y

resultados, las cuales son:

1.

el

Equipos transformadores (Para todos los niveles de tension).

Equipos ubicados en el campo celda de lineas (Lineas en 138 kV y 60 kV).

Equipos ubicados en el campo de barras o celda del transformador T51-161.

Equipos ubicados en el campo de Ampliacion (Transformador cuya puesta en servicio
fue en febrero 2009).

Cilculo de Coordinacion de aislamiento para equipos transformadores

Siguiendo la metodologia descrita en el numeral 2.4 del presente informe se obtiene:

Tabla 3.17 Resultado del calculo de coordinacion de aislamiento

.. H Aislamiento externo Aislamiento interno
Subestacion
Juliaca 138 kV 3800 Urw(s) Urw(c) Urw(s) Urw(c)
m.s.n.m (kV) (kV) (kV) (kV)
Soportabilidad a frecuencia industrial Fase-tierra 139 222 96 122
(sobretensiones temporales) Fase-fase 255 344 176 189
Soportabilidad al impulso de maniobra Fase-tierra 346 - 244 -
(sobretensiones de frente lento) Fase-fase 536 - 378 -
Soportabilidad al impulso atmosférico Fase-tierra 470 383 33 268
(sobretensiones de frente rapido) Fase-fase 470 594 331 415




b)

Calculo de Coordinacion de aislamiento para equipos del campo celda linea
Sigutendo la metodologia descrita en el numeral 2.4 del presente informe se obtiene se
obtienen los niveles de aislamiento requeridos:

Tabla 3.18 Resultado del calculo de coordinacion de aislamiento

. H Aislamiento externo Aislamiento interno
Ji::::'f;:’:v 3800 Uwls)  Umwlc)  Urw(s)  Urw(c)
m.s.n.m (kV) (kV) (kV) (kV)
Soportabilidad a frecuencia industrial Fase-tierra 139 268 96 146
(sobretensiones temporales) Fase-fase 255 421 176 228
Soportabilidad al impulso de maniobra Fase-tierra 414 - 292 -
(sobretensiones de frente lento) Fase-fase 646 - 456 -
Soportabilidad al impulso atmosférico Fase-tierra 696 463 491 321
(sobretensiones de frente rapido) Fase-fase 696 725 491 501

Calculo de Coordinacion de aislamiento para equipos del campo celda trafo
Siguiendo la metodologia descrita en el numeral 2.4 del presente informe se obtienen
los niveles de aislamiento requeridos:

Tabla 3.19 Resultado del calculo de coordinacion de aislamiento

Subestacién H Aislamiento externo Aislamiento intemo
Juliaca 138 kV 3800 Urw(s) Urw(c) Urw(s) Urw(c)
m.s.n.m (kV) (kV) (kV) (kV)
Soportabilidad a frecuencia industrial Fase-tierra 139 268 96 146
(sobretensiones temporales) Fase-fase 255 421 176 228
Soportabilidad al impulso de maniobra Fase-tierra 414 - 292 -
(sobretensiones de frente lento) Fase-fase 646 . 456 -
Soportabilidad al impulso atmosférico Fase-tierra 984 463 694 321
(sobretensiones de frente rapido) Fase-fase 984 725 694 501

d)

Calculo de Coordinacion de aislamiento para equipos del campo ampliacion
Sigutendo la metodologia descrita en el numeral 2.4 del presente informe se obtiene se
obtienen los niveles de aislamiento requeridos:

Tabla 3.20 Resultado del calculo de coordinacion de aislamiento

o, H Aislamiento externo Aislamiento interno
Subestacion
Juliaca 138 kV 3800 Urw(s) Urw(c) Urw(s) Urw(c)
m.s.n.m (kV) (kV) (kV) (kV)
Soportabilidad a frecuencia industrial Fase-tierra 139 268 96 146
(sobretensiones temporales) Fase-fase 255 421 176 228
Soportabilidad al impulso de maniobra Fase-tierra 414 - 292 -
| (sobretensiones de frente lento) Fase-fase 646 - 456 -
Soportabilidad al impulso atmosférico Fase-tierra 790 463 557 321
(sobretensiones de frente rapido) Fase-fase 790 725 557 501

3.5

Calculo de Coordinacion de Aislamiento para equipos en 60 kV
Para este nivel de tension se ha distribuido el calculo en 3 zonas o area de proteccion.

Equipos transformadores
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2. Equipos ubicados en el campo de barras
3. Equipos ubicados en el campo de celdas de linea
a) Calculo de Coordinacion de Aislamiento para equipos transformadores
Siguiendo la metodologia descrita en el numeral 2.4 del presente informe se obtiene:
Tabla 3.21 Resultado del cilculo de coordinacion de aislamiento
Subestacid H Aislamiento externo Aislamiento interno
Jl:'";sa s‘:‘l’('\‘, 3800 Uw(s)  Urwic)  Urw(s)  Urw(c)
m.s.n.m (kV) (kV) (kV) (kV)
Soportabilidad a frecuencia industrial Fase-fierra 74 156 48 83
(sobretensiones temporales) Fase-fase 127 175 83 94
Soportabilidad al impulso de maniobra Fase-tierra 247 - 166 -
(sobretensiones de frente lento) Fase-fase 282 - 189 -
Soportabilidad al impulso atmosférico Fase-tierra 310 270 207 182
(sobretensiones de frente rapido) Fase-fase 310 305 207 208
b) Calculo de Coordinacion de Aislamiento para equipos en la barra
Siguiendo la metodologia descrita en el numeral 2.4 del presente informe se obtienen
los niveles de aislamiento requeridos:
Tabla 3.22 Resultado del calculo de coordinacion de aislamiento
Subestacién H Aislamiento externo Aislamiento interno
Juliaca 60 kV 3800 Urw(s) Urw(c) Urw(s) Urw(c)
m.s.n.m (kV) (kV) (kV) (kV)
Soportabilidad a frecuencia industrial Fase-tierra 74 156 48 83
(sobretensiones temporales) Fase-fase 127 175 83 94
Soportabitidad al impulso de maniobra Fase-tierra 247 - 166 -
(sobretensiones de frente lento) Fase-fase 282 - 189 -
Soportabilidad al impulso atmosférico Fase-tierra 307 270 205 182
(sobretensiones de frente rapido) Fase-fase 307 305 205 208
¢) Cilculo de Coordinacion de Aislamiento para equipos Celda linea

Siguiendo la metodologia descrita en el numeral 2.4 del presente informe se obtiene se
obtienen los niveles de aislamiento requeridos:

Tabla 3.23 Resultado del calculo de coordinacion de aislamiento

., H Aislamiento externo Aislamiento interno
Subestacion
Juliaca 60 kV 3800 Urw(s) Urw(c) Urw(s) Urw(c)
m.s.n.m (kV) (kV) (kV) (kV)
Soportabilidad a frecuencia industrial Fase-tierra 74 156 48 83
(sobretensiones temporales) Fase-fase 127 217 83 116
Soportabifidad al impulso de maniobra Fase-tierra 247 - 166 -
(sobretensiones de frente lento) Fase-fase 346 - 232 -
Soportabilidad al impulso atmosférico Fase-tierra 357 270 239 182
(sobretensiones de frente rapido) Fase-fase 357 377 239 255

3.6 Calculo de Coordinacion de Aislamiento para equipos en 22.9 kV
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Para este nivel de tension se ha distribuido el célculo en 3 zonas o area de proteccion.
Equipos transformadores

Equipos ubicados en el campo celda de transformador

Cilculo de Coordinacion de Aislamiento para equipo transformador
Siguiendo la metodologia descrita en el numeral 2.4 del presente informe se obtiene los
niveles de aislamiento requeridos:

Tabla 3.24 Resultado del calculo de coordinacion de aislamiento

Subestacién H Aislamiento externo Aislamiento interno
Juliaca 22.9 kV 3800 Urw(s) Urw(c) Urw(s) Urw(c)
m.s.n.m (kv) (kV) (kV) (kV)
Soportabilidad a frecuencia industrial Fase-tierra 26 41 17 23
(sobretensiones temporales) Fase-fase 42 - 36 28 20
Soportabilidad al impulso de maniobra Fase-tierra 68 - 46 -
(sobretensiones de frente lento) Fase-fase 60 - 40 -
~ Soportabilidad al impulso atmosférico | Fase-tiema 94 72 69 50
(sobretensiones de frente rapido) Fase-fase 94 63 B9 44

b) Calculo de Coordinacién de Aislamiento para equipos en celda transformador

Siguiendo la metodologia descrita en el numeral 2.4 del presente informe se obtiene
los niveles de aislamiento requeridos:

Tabla 3.25 Resultado del calculo de coordinacion de aislamiento

Subestacion H Aislamiento extemo Aislamiento interno
Juliaca 22.9 kV 3800 Urw(s) Urw(c) Urw(s) Urw(c)
m.s.n.m (kV) (kV) (kV) (kV)

Soportabilidad a frecuencia industrial Fase-tierra 26 41 17 23
(sobretensiones temporales) Fase-fase 42 36 28 20
Soportabilidad al impulso de maniobra Fase-tiema 68 - 46 -
(sobretensiones de frente lento) Fase-fase 60 - 40 -
Soportabilidad al impulso atmosférico Fase-tierra 125 72 69 50
(sobretensiones de frente rapido) Fase-fase 125 63 69 44

3.7 Cailculo de Coordinacion de Aislamiento para equipos en 10kV

1
2
3.
4

a)

Para este nivel de tension se ha distribuido el calculo en 3 zonas o area de proteccion.
Equipos transformadores

Transformador Ampliacion T63 barra 10 kV

Equipos ubicados en Barra A

Equipos ubicados en Barra B

Cilculo de Coordinacion de Aislamiento para equipo transformador

Siguiendo la metodologia descrita en el numeral 2.4 del presente informe se obtiene los

niveles de aislamiento requeridos:
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Tabla 3.26 Resultado del calculo de coordinacion de aislamiento

Subestacié H Aislamiento externo Aislamiento interno

u cion

Juliaca 10 kV 3800 Urw(s) Urw(c) Urw(s) Urw(c)

m.s.n.m (kVv) (kV) (kV) (kV)
Soportabilidad a frecuencia industrial Fase-tierra 18 41 12 23
(sobretensiones temporales) Fase-fase 31 29 20 16

Soportabilidad al impulso de maniobra Fase-tierra 68 - 46 -
(sobretensiones de frente lento) Fase-fase 48 - 32 -

Soportabilidad al impulso atmosférico Fase-tierra 88 72 59 50
(sobretensiones de frente rapido) Fase-fase 88 51 59 35

b) Calculo de Coordinacion de Aislamiento para equipo Transformador Ampliacion
Siguiendo la metodologia descrita en el numeral 2.4 del presente informe se obtiene:

Tabla 3.27 Resultado del calculo de coordinacion de aislamiento

Subestacia H Aislamiento extemo Aislamiento interno

ubestacio

o k'\‘, 3800 Uw(s) | Umwic) | Umw(s) | Urwic)

m.s.n.m (kV) (kV) (kV) (kV)
Soportabilidad a frecuencia industrial Fase-tierra 18 41 12 23
(sobretensiones temporales) Fase-fase 31 29 20 16

Soportabilidad al impulso de maniobra Fase-tierra 68 - 46 -
(sobretensiones de frente lento) Fase-fase 48 - 32 -

Soportabilidad al impulso atmosférico Fase-tierra 114 72 76 50
(sobretensiones de frente rapido) Fase-fase 114 51 76 35

¢) Calculo de Coordinacion de Aislamiento para equipo en Barra A
Siguiendo la metodologia descrita en el numeral 2.4 del presente informe se obtiene:

Tabla 3.28 Resultado del calculo de coordinacion de aislamiento

.. H Aislamiento externo Aislamiento interno
Subestacion
Juliaca 10 kV 3800 Urw(s) Urw(c) Urw(s) Urw(c)
m.s.n.m (kV) (kV) (kV) (kV)
Soportabilidad a frecuencia industrial Fase-tierra 18 a1 12 23
(sobretensiones temporales) Fase-fase 31 14 20 38
Soportabilidad al impulso de maniobra Fase-tierra 68 - 46 -
(sobretensiones de frente lento) Fase-fase 23 - 15 -
Soportabilidad al impulso atmosférico Fase-tierra 96 72 64 50
(sobretensiones de frente rapido) Fase-fase 96 24 64 17

d) Cilculo de Coordinacion de Aislamiento para equipo en Barra B
Siguiendo la metodologia descrita en el numeral 2.4 del presente informe se obtiene:

Tabla 3.29 Resultado del calculo de coordinacion de aislamiento

iy H Aislamiento externo Aislamiento interno
Subestacion
Juliaca 10 kV 3800 Urw(s) Urw(c) Urw(s) Urw(c)
m.s.n.m (kV) (kV) (kV) (kV)
Soportabilidad a frecuencia industrial Fase-tiema 18 41 12 23
(sobretensiones temporales) Fase-fase 31 29 20 16
Soportabilidad al impulso de maniobra Fase-tierra 68 - 46 -
(sobretensiones de frente lento) Fase-fase 48 - 32 -
Soportabilidad al impulso atmosférico Fase-tierra 94 72 63 50
(sobretensiones de frente rapido) Fase-fase 94 51 63 35
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3.8 Revision del Apantallamiento.

En el nivel de 138 kV, a simple vista en la subestacion no se encuentra completo el
apantallamiento en el campo celda de lineas. El campo de Barras en 138 kV cuenta con
cable de guarda. No se tiene informacién de planimetria en el nivel de 60 kV por lo que el
apantallamiento no se podra verificar.

Los niveles de 22.9 kV y 10 kV se encuentran en edificaciones de control por lo que el
impacto de descargas atmosféricas no se considera.

3.8.1 Apantallamiento del Campo asociado a las celdas de lineas:

La configuracion actual no brinda un adecuado apantallamiento por lo que se
requiere una nueva configuracion de apantallamiento el cual se muestra en la Figura 3.2.
Se deberan completar las secciones de cable de guarda CG1 y CG2 con la finalidad de
garantizar una proteccion contra el impacto de descargas atmosféricas en este campo de la
subestacion.

La Tabla 3.30 muestra que la altura de los casquilletes sera 2.44 metros. La altura de
los casquilletes actuales es 3 metros y brinda un adecuado apantallamiento.

3.8.2 Apantallamiento del Campo Asociado a la Barra de 138 kV.

El campo actual de la barra de 138 kV se encuentra apantallado con 2 cables de guarda
separados 20 metros entre si. Los casquilletes instalados son de una altura de 3 metros. De
acuerdo con la Tabla 3.31, se requiere elevar los casquilletes actuales de 3 metros a 6.1
metros con la finalidad de garantizar una proteccion contra el impacto de descargas
atmosféricas en este campo de la subestacion.

Tabla 3.30 Resultado del cialculo de Apantallamiento celda de lineas 138 kV

DATOS DE ENTRADA DATOS DE SALIDA
Cédigo del conductor AAAC-300mm2 | Fongitud °’d:l"(:|‘;° aisiadores, 21 Radio equivalente, R, (m) 0.000
: L Gradiente de tension en la
Seccion del conductor (mm?) 300 e 0.9 superficie del conductor, E, 1270.86
conductor, mg
{kVim)
Didmetro del conductor (mm) 05 Coeficiente de limpieza del 0.9 Tension critica de flameo, CFO 1154.79
conductor, ml (kV)
Nimero de subconductores por Maxima tension soportada al .
Rad R, I
fase,n ! impulso atmosférico, BIL (kV) 750 io corona, R (m) 0045
.. Dos cables de . S
Longitud del vano, L (m) 40500 Configuracion del guardapoy | IMPedanciacaracteristica,Z, | o, o7
apantallamiento {ohms)
campo
Ll 7::;'“ LU 12000 Distancia de prteccion, 2d (m) 14 Corriente critica, I, (kA) 1.99
Separacion entre 5 . . . .
ta ded , S .
subconductores, | (m) 0 Distancia de seguridad (m) 05 Distancia de descarga, Sy, (m) 12.53
Altura efectiva del
2
Altura s.n.m, H (m) i 3800 apantallasiento, be {in) 214
- e
Temperaturata‘T:l)ente i 15 Attura de disefo, Hs(m) 244
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Tabla 3.31 Resultado del calculo de Apantallamiento en el campo Barras 138 kV

t(°c)

DATOS DE ENTRADA DATOS DE SALIDA
; Longitud cadena de aisladores, Radi ivalent 0.000
Codigo del conductor AAAC-300mm?2 w(m) 21 io equivalente, R, (m) .
A e Gradiente de tension en la
Seccion del conductor (mm?) 300 Coeficiente geométrico del 09 superficie del conductor, E, 1270.86
conductor, mg
(kVim}
Coeficiente de limpieza del Tension critica de flameo, CFO
ia 0.9 1154.79
Diametro del conductor (mm) 225 conductor, m} )
Nidmero de subconductores por 1 Maxima &nsién' soportada al 750 Radio corona, R, (m) 0,045
fase, n impulso atmosférico, BIL (kV)
. Configuracion del Des cra;Ies de Impedancia caracteristica, 2, 827 40
Longitud del vano, L (m) 42000 llamiento guarda por (ohms) .
apanta campo
Aitura de los :’;"es defase,h 1000 Distancia de prteccion, 2d (m) 20 Coriente critica, I, (kA) 199
m
Separacion entre 0 Distancia de seguridad (m) 05 Distancia de descarga, S, (m) 12.53
subconductores, | (m)
Altura efectiva del 498
Altura s.n.m, H (m) 3800 apantallamiento, he (m) I .
Temperatura ambiente maxima, 15 Altura de disefio, H, (m) 6.06

3.8.3 Apantallamiento del Campo asociado a la ampliaciéon

*

El campo de Ampliactdn se encuentra apantallado con dos postes de 12 metros de

altura separados 21.5 metros. Se requiere elevar la altura de dichos postes a 16 m. para

garantizar el los requerimientos de apantallamiento.

Tabla 3.32 Resultado del calculo de Apantallamiento en el campo asociado a la

t(°C)

Ampliacion
DATOS DE ENTRADA DATOS DE SALIDA
Cadigo del conductor AAAC-300mm2 Longitud md;:;;‘:e aistadores, 21 Radio equivalente, R, (m) 0.000
Coeficiente strico del Gradiente de tension en la
Seccion del conductor ‘mm’) 300 oeliclente geom ¢ 09 superficie del conductor, E, 1267.23
conductor, mg
(kVim)
Dimetro del conductor {mm) 75 Coeficiente de limpieza del 09 Tension critica de flameo, CFO 115479
conductor, ml (kV)
Nimero de subconductores por Maxima tension soportada al .
1 750 Rad \ 0.046
fase, n impulso atmosférico, BIL (kV) iocorona, Re(m)
Dos cables de . o
i0 Imped teristica,
Longitud del vano, L {m) 42000 Configuracion del quardapor  MPedanciacaracteristica Z, |, )
apantalfamiento (ohms)
campo
Atura de los ::";"5 defseh 4000 Distanciadeprieccion, 2d(m) 215 Corriente critica, I, (k) 206
Separacion entre o . P
0 : Distancia de d , Sm(m :
subconductores, | (m) Distancia de seguridad (m) 05 ncia de descarga, Sp,(m) 12.80
Altura efectiva del
n. 3824 .
Atura s.n.m, H {m) apantallamiento, he (m) 58
Temperatura ambiente maxima, 5 Aitura de diseiio, H, (m] 757
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Figura 3.1 Campo Celdas de lineas nivel de 138 kV
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Tabla 3.33 Resumen: Aislamiento requerido para Transfermadores de Potencia

Tension soportada asignada de corta

Tensién soportada asignada al

i g . A
Tensién asignada duracion a frecuencia industrial impulso tipo rayo
U Descripcion Uy U,
KV {valor efica2) KV (valor eficaz) KV (valor pico)
Entre fase y tiema, y entre fases Entre fase y tierra, y entre fases
145 Trafos 138 kV 275 650
725 Trafos 60 kV 140 325
24 Trafos 229 kV 50 95
12 Trafos 10 kV 28 95
24 T63-121-10kV 50 125
Tabla 3.34 Resumen: Aislamiento Requerido para Equipos de Maniobra
Tensidn soportada asignada de corta |  Tension soportada asignada al
o duracion a frecuencia industrial impulso tipo rayo
Tension asignada o . .
Descripcion del Nivel de Tension U U
U campo analizado Nominal ‘ P
KV (valor eficaz) kV (valor eficaz) KV (valor pico)
Entre fase ytiema | Entrefase yfase | Entrefaseytierra | Entrefase yfase
145 Campo Celda Lineas 138 325 325 750 750
145 Campo Celda Trafo 138 460 460 1050 1050
145 Campo Ampliacion 138 360 360 850 850
725 Campo Barra 60 140 140 3% 3%
125 Campo Celda Linea 60 150 150 380 380
pLi Campo Barra A 10 50 5 125 1%
175 Campo barra B 10 50 % 125 1%
Tabla 3.35 Resumen: Aislamiento Interno Requerido
Tension asignada Tension soportada asignadade corta|  Tension soporieda asignada al
U, U U
Ny (YQivi vivas Descﬁ idn d n
' ’ e KV (valor eficaz) KV {valor pico)
Entre fase y tierra, y entre fases Entre fase y tierra, y entre fases
145 Trafos 138 kV 230 560
125 Trafos 60 KV 140 325
4 Trafos 22.9kV 50 9%
12 Trafos 10 kV 28 9%
24 T1634121-10kV 38 9%
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3.9.1 Diagnoéstico del Campo Ampliacién 138 kV
El nivel de aislamiento requerido en campo es 850 kV
El nivel de aislamiento del seccionador es 750 kV
El nivel de aislamiento del transformador de corriente es 750 kV
El nivel de aislamiento del Interruptor es 1050 kV
Seccionador de barra SA-4453 y TC-4159 no cumple con requerimientos de coordinacion
de aislamiento.
3.9.2 Diagnoéstico del Campo Celda Lineas 138 kV
El nivel de aislamiento requerido en campo es 750 kV
El nivel de aislamiento de los Transformadores de Tension es 750 kV
El nivel de aislamiento de los Interruptores es 750 kV
El nivel de aislamiento de los Seccionadores es 750 kV
3.9.3 Diagnostico del Campo Celda Barras 138 kV del T51-161
El nivel de aislamiento requerido en campo es 1050 kV
El nivel de aislamiento de los Transformadores de Tension es 650 kV (En la barra 138 kV)
El nivel de aislamiento de los Interruptores es 750 kV
El nivel de aislamiento de los Seccionadores es 650 kV
Equipos de la celda del transformador T51-161 no cumple con requerimientos de
coordinacion de aislamiento.
El aislamiento interno del transformador de potencia T51-261 es 450 kV mientras que el
requerido es 550 kV, por lo que no cumple con la coordinacion de aislamiento.
Los equipos ubicados en los niveles de 60 kV y 229 kV cumplen con los
requerimientos de aislamiento.
Los equipos de 10 kV cumplen parcialmente los requerimientos de aislamiento.
3.10 Recomendaciones para mejorar el aislamiento de la subestacion
1. Retirar el Transformador T51-161 por tener un aislamiento interno menor al requerido.
2. Se debera instalar un juego de 3 pararrayos antes del seccionador de barra de cada
celda de linea.
3. Los pararrayos a emplear seran Tension Nominal 120 kV cuya tension residual no

supere los 298 kV Clase 3 (Tomado de Catalogo Cooper Varistar)
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Con esto, se obtiene lo siguiente:

1.

“» oA

Nivel de aislamiento requerido para el campo ampliacion y celda del T51-161sera 750
kV.

Nivel de aislamiento de Seccionador es 750 kV.

El nivel de aislamiento del transformador de corriente es 750 kV

Nivel de aislamiento de Interruptor es 1050 kV.

El transformador de tension cuyo aislamiento es 650 kV debera cambiarse por otro de

aislamiento 750 kV.



basicos de la recomendacion IEC--60071 [1], [2].

CONCLUSIONES Y RECOMENDACIONES

El procedimiento para el calculo de la coordinacion de aislamiento sigue los principios

Todo el proceso, segun indica la

recomendacion citada, apunta a calcular el valor adecuado de tensiones de sostenimiento

Normalizada (Uw) que proporcione de la manera mas eficaz y econdmica una rigidez

dieléctrica suficiente para el aislamiento de una subestacion, capaz de resistir las

sobretensiones impuestas por el sistema o por las descargas atmosféricas y asi tener la base

numérica que permita definir el aislamiento de la subestacion estudiada.

De los resultados obtenidos de la revision de la coordinacion de aislamiento y de la

revision a la metodologia propuesta en la norma IEC 60071 Parte 1 yParte 2 se concluyen

las siguientes:

1.

Es importante verificar la coordinacion de aislamiento de subestaciones existente para
determinar si los equipos de la subestacion estan protegidos adecuadamente contra
descargas atmosféricas. En el caso particular de la subestacion Juliaca se debera
ejecutar el siguiente plan de obras con la finalidad de mejorar la coordinacion de
aislamiento:

Retirar el transformador T51-161 por tener un aislamiento interno menor al requerido.
Instalar pararrayos antes de los Seccionadores SA-4303 y SA-4299. Los pararrayos a
emplear seran de Tension Nominal Ur=120 kV y tension residual no mayor que 298
kV, Clase 3 (Tomado de Catalogo Cooper Varistar)

Cambiar los equipos TT-452 (650 kV) y SA-4307 (650 kV) por uno de aislamiento
750 kV.

Posibles caidas de rayos se pueden presentar por lo que se recomienda la revision del
Apantallamiento de la Subestacion basado el norma IEEE 998-1996- Guide for Direct
Lightning. Es importante comentar sobre la proteccion contra impacto de descargas
atmosféricas de la subestacion en el cual se ha observado en campo que existen
deficiencias en el apantallamiento. Siguiendo con esta metodologia de calculo de

apantallamiento se plantean las siguientes medidas correctivas:
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Instalar 2 cables de guarda (60 m c/u) en el campo de las celdas de lineas.

ST

Elevar casquilletes del campo de barra a 6 metros.

c. Elevar postes del campo de ampliacion a 16 metros.

3. La metodologia propuesta, basada en la recomendacién de la norma IEC 60071, ha
sido descrita y aplicada a la Subestacion Eléctrica Juliaca cuya antigiiedad data de los
afios 1970. El factor de correccion por altura Ka calculado mediante las formulas de
Halley para altitudes mayores a 2000 msnm resulta ser la mejor referencia (y unica)
para calcular el factor de correccion por altura.

Adicionalmente se puede recomendar las siguientes materias:

1. Se puede recomendar la instalacion de explosores de arco en los equipos de de 138
kV, sin embargo, los explosores pueden provocar la desconexion de los equipos por
actuacion de las protecciones interrumpiendo el servicio eléctrico, por lo que son de
baja confiabilidad.

2. El presente informe ha verificado distancias de separacion entre fases observando los
planos de planta y de cortes (perfil) para el nivel de tension de 138 kV habiendo
determinado que la separacion entre equipos cumple con la recomendacion IEC60071.
Los planos asociados a los otros niveles no se encuentran disponibles, por lo que se
recomienda un levantamiento de datos en campo de estas distancias para verificarlas.

3. Realizar simulaciones de sobretensiones de frente rapido (descargas atmosféricas)
empleando el software ATP u otro especializado con la finalidad de verificar los
resultados obtenidos en el nivel de alta, media y baja tension. Asimismo, se podria
establecer un método de calculo de coordinacion de aislamiento tomando en cuenta
estas simulaciones, lo cual es materia de otro tema de investigacion.

4. Ya que no se cuenta con un procedimiento simple para determinar el estado de los

pararrayos de Carburo de Silicio y afiadiendo a esto la antigiiedad de los mismos, se

recomienda su cambio por los fabricados de Oxido de Zinc, que constituyen una

tecnologia mas moderna y cuyo diagndstico esté estandarizado en normas.

Finalmente, de acuerdo con el Anexo A hacemos un comentario sobre el factor por
correccion por altura. Para equipos con tensiones de operacion mayores a 138 kV se puede
emplear la formulacion de la norma IEC 60071-1 con mayor seguridad de obtener valores
conservadores. Sin embargo para tensiones menores a 138 kV hay que tener mucho

cuidado, los aislamiento podrian ser mas exigentes empleando las ecuaciones de Halley.
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ANEXO A: FACTOR DE CORRECCION POR ALTURA

ANTECEDENTES

Se ha observado en la norma IEC 60071-2 que el factor de correccion por altura Ka

depende del factor “m” cuyo valor se obtiene de curvas experimentales obtenidas hasta

2000 msnm. En la actualidad, los estudios de coordinacién de aislamiento aplican esta

formulacion para disefiar subestaciones con altitudes mayores a 2000 msnm como es el

caso del Peru.

El objetivo de este informe es comparar la formulacién propuesta por la Norma IEC

60071-2 contra las formulaciones de Halley descritas en las notas de curso de Alta

Tension.

CASOS A ANALIZAR

La tabla muestra para diferentes alturas msnm y temperaturas promedio maximas para las

zonas de la costa y sierra.

Equipos con tensiones mayores a 138 kV

@) Factor por densidad relativa del aire (f)

Temp. Ambiente (°C) 25
Aitura (msnm) 1000
b (CMHG) 67.0
s (den. Rel.) 0.882
f=(1/s) 1.13
b) Factor de humedad absoluta del aire (Ha)
Hr 90%
Ir a Tablas Notas de Yanque
Ha Fec. Ind 0.800
Ha Impulsio Atmosférico 0930
c¢) Factor por brecha de aire
Longitud de brecha (m) 1.7
n 0.895
Ka Frec. Indus. 1.019
Ka Impulsional 1.049

Ka Impulsional IEC 1.131

1.06
1.04

1.7
0895

1272
1.250
1.278

13
3000
52.1
0.715
1.40

45%

1.06

1.04

1.7

0.895

1.423
1.399

15
3800
47.2
0.642
156

44%
1.075
1.050

1.7
0.895
1.586

1.563
1.594

Factores de correccién por condiciones atmosféricas  <2000msnm =2000msnm >2000msnm Datos Juliaca >2000msnm >2000msnm

13
4000
46.0
0.630
1.59

45%
1.06
1.04
1.7
0.895
1.592

1.565
1.634

13
5000
40.6
0.556
1.80

45%)
1.06
1.04
1.7
0.895
1.782

1.752
1.847




Equipos con tensiones menores a 138 kV

Factores de correccion por condiciones atmosféricas  <2000msnm =2000msnm >2000msnm Datos Juliaca >2000msnm >2000msnm

a) Factor por densidad relativa del aire (f)

Temp. Ambiente (°C) 25 13 13 15 13 13
Altura (msnm) 1000 2000 3000 3800 4000 5000
b (CMHG) 67.0 59.1 521 47.2 46.0 406
s (den. Rel.) 0.882 0.810 0.715 0.642 0.630 0.556]
f=(1/s) 113 123 1.40 1.56 1.59 1.80
b) Factor de humedad absoluta delaire (Ha)
Hr 90% 45% 45% 44% 45% 45%
Ir a Tablas Notas de Yanque
Ha Fec. Ind 0.900 1.06 1.06 1075 1.06 1.06
Ha Impulsio Atmosférico 0.930 1.04 1.04 1.050 1.04 1.04
c) Factor por brecha de aire
Longitud de brecha (m) 1 1 1 1 1 1
n 1 1 1 1 1 1
Ka Frec. indus. 1.021 1.308 1.483 1.675 1.682 1.807
Ka Impulsional 1.055 1.283 1455 1.636 1.650 1.871
Ka impulsional IEC 1.131 1.278 1445 1.594 1.634 1.847)
RESULTADOS

Las siguientes figuras muestran al comportamiento del factor Ka para diferentes altitudes

en msnm.
Equipos con tensiones mayores a
138 kv
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Figura 1. Ka para equipos con tensiones mayores a 138 kV
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Figura 2. Ka para equipos con tensiones mayores a 138 kV
De estas figuras se puede desprender lo siguiente: Para equipos con tensiones de operacion
mayores a 138 kV se puede emplear la formulacion de la norma IEC 60071-1 con mayor
seguridad de obtener valores conservadores. Sin embargo para tensiones menores a 138 kV
hay que tener mucho cuidado, los aislamiento podrian ser mas exigentes empleando las

ecuaciones de Halley.
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

INSULATION CO-ORDINATION -

Part 1: Definitions, principles and rules

FOREWORD

1) The I lonal [of ({IEC) Is a worldwide
alk i el (IEC Ci The objec( of IEC Is to promo\e
Intematlonal co-operation on ali g in the el and Ic fields. To
this end and In to er activltl 1EC publishes International Standards, Technlical Speclifications.
Technical Reporls Publlcly Ava|lable Sneclllcatlons (PAS) and Guides (hereafter referred to as “IEC

(s)"). Thelr prep Is any IEC
ln the subject dealt with may particlpate In lhls preparatory work. Internatlonal, govammen(al and non-
governmental organizations Jiaising wilh the IEC aiso particl in this P IEC closely
with the International Organization for Slandsrdlza\lun (ISO) In accordance with conditions determined by
9 the two

2

The formal of IEC on matters express, as nearly as possible, an International
consensus of oplnlon on the i since each has from ail
IEC

3]

{EC Publicatlons hava the form of for | lonal use and are accepted by 1EC Natlonal
Committees In that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications Is accurate, IEC cannot be held responsible for the way In which they are used or for any
misinterpretation by any end user.

fn order to pi t T {EC o dertake to apply IEC Publications
y to the extent p In thelr Any divergence
any IECF and the corresp national or uglonal publlcatlon shall be clearly Indicated In

the latter.

4

5,

{EC provides no marking p to ind! Its appi and cannot be rendered responsible for any
to beIn with an IECP

All users should ensure that they have the latest editlon of this pubilcation.

)
7

No llabllity shall attach to IEC or its directors, employees, servants or agents Including Individual experts and
and IEC Natlonal Ci for any Injury. prop: ge or
other damage of any nature whatsoever, whelher direct or Indirect, or for costs (Including lagal fees) and
expenses arising out of the pubilcation, use of. or rellance upan, this IEC Publication ar any other IEC
Publications.

Attentlon Is drawn to ihe cited In this p Use of the referenced publications Is
IndIspensable for the cofrect application of this pubilication.

9) Aitention is drawn to the possiblilty that some of the elements of this IEC Publication may be the subject of
patent rights. |EC shall not be held responsible for Identifying any or all such patent rights.

International Standard IEC 60071-1 has been prepared by IEC technical committee 28:
Insulation co-ordination,

This eighth edition cancels and replaces the seventh edition published in 1993 and constitutes
a technical revision.

The main changes from the previous edition are as follows:

in the definitions (3.26, 3.28 and 3.29) and in the environmental conditions (5.9) taken into
account clarification of the atmospheric and altitude corrections involved in the insulation
co-ordination process;

— in the list of standard rated short-duration power frequency withstand voltages reported in
5.6 addition of 115 kV;
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- in the list of standard rated impulse withstand voltages reported in 5.7, addition of 200 kV
and 380 kV;

- in the standard insulation levels for range | (1kV < U,, < 245 kV) (Table 2) addition of the
highest voltage for equipment U, = 100 kV;

— in the standard insulation levels for range Il (U, >245kV) (Table 3) replacement of
525 kV by 550 kV and of 765 kV by 800 kV;

- in order to remove that part in the next revision of IEC 60071-2, addition of Annex A
dealing with clearances in air to assure a specified impulse withstand voltage in
installation;

- in Annex B, limitation at two U, values for the values of rated insulation levels for
1kV < Uy, < 245 kV for highest voltages for equipment U, not standardized by IEC based
on current practice in some countries.

The text of this standard is based on the following documents:

FDIS Report on voting
28/176/FDIS 28/177/RVC

Full information on the voting for the approval of this standard can be found in the report on
voting indicated in the above table.

This publication has been drafted in accordance with the tSO/IEC Directives, Part 2.

The IEC 60071 comprises the following parts under the generai title /nsulation co-ordination:

Part 1: Definitions, principles and rules

Part 2: Application guide

Part 4: Computational guide to insulation co-ordination and modelling of electrical networks
Part 5. Procedures for high-voltage direct current (HVDC) converter stations

The committee has decided that the contents of this publication will remain unchanged until

the maintenance result date indicated on the |EC web site under "http://webstore.iec.ch” in
the data related to the specific publication. At this date, the publication will be

+ reconfirmed;

» withdrawn;

* replaced by a revised edition, or
+ amended.
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INSULATION CO-ORDINATION -

Part 1: Definitions, principles and rules

Scope

This part of IEC 60071 applies to three-phase a.c. systems having a highest voltage for
equlpment above 1 kV. It specifies the procedure for the selection of the rated withstand
voltages for the phase-to-earth, phase-to-phase and longitudinal insulation of the equipment
and the installations of these systems. It also gives the lists of the standard withstand
voltages from which the rated withstand voltages should be selected.

This standard recommends that the selected withstand voltages should be associated with the
highest voltage for equipment. This association is for insulation co-ordination purposes only.
The requirements for human safety are not covered by this standard.

Although the principles of this standard also apply to transmission line insulation, the values
of their withstand voltages may be different from the standard rated withstand voltages.

The apparatus committees are responsible for specifying the rated withstand voltages and the
test procedures suitable for the relevant equipment taking into consideration the
recommendations of this standard.

NOTE In IEC 60071-2, Application Gulde. all rules for Insulation co-ordination given In thls standard are Justified
In detall, in p the of the dard rated ges with the highest voitage for

equipment. When more than one set of standard rated ges Is with the same highest
voltage for equipment, guldance Is provided for the selection of the most sultable set.

2 Normative references

The following referenced documents are indispensable for the application of this document.
For dated references, only the edition cited applies. For undated references, the latest edition
of the referenced document (including any amendments) applies.

IEC 60038:2002, /EC standard voltages

IEC 60060-1:1989, High-voltage test techniques -~ Part 1: General definitions and test
requirements

IEC 60071-2, /nsulation co-ordination - Part 2: Application guide

IEC 60099-4, Surge arresters — Part 4: Metal-oxide surge arresters without gaps for a.c.
systems

IEC 60507, Artificial pollution tests on high-voltage insulators to be used on a.c. systems

IEC 60633, Terminology for high-voltage direct current (HVDC) transmission
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3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.

31

Insulatlon co-ordination

selection of the dielectric strength of equlpment in reletion to the opereting voitages end
overvoltages which can appear on the system for which the equipment is intended and taking
into account the service environment and the characteristics of the available preventing and
protective devices

{IEC 604-03-08:1987, modified]

NOTE By gth" of the I Is meant here Its reted or its standard Insulation level as deflned
in 3.35 and 3.36 respectively.

3.2

external Insulation

distances in atmospheric air, and the surfaces in contact with atmospheric air of solid
insuiation of the equipment which are subject to dielectric stresses and to the effects of
atmospheric and other environmental conditions from the site, such as pollution, humidity,
vermin, etc.

[IEC 604-03-02:1987, modified]

NOTE External Insulation Is elther weather p or p to operate Inside or
outslde closed shelters respectively.

33

Internal Insulation

internal distances of the solid, liquid, or gaseous insulation of equipment which are protected
from the effects of atmospheric and other externai conditions

[IEC 604-03-03:1987]

34

self-restoring Insulation

insulation which, after a short time, completely recovers its insulating properties after a
disruptive discharge during test .

[IEC 604-03-04:1987, modified]

NOTE Insulation of this kind Is g but not Y. I

35

non self-restoring insulation

insulation which loses its insulating properties, or does not recover them completely, after a
disruptive discharge during test

[IEC 604-03-05:1987, modified}

NOTE The definitions of 3.4 and 3.5 apply only when the discharge |s caused by the application of a test voitage

during a dl test. However, occurring In service may cause a self-restoring Insulation to lose
partlally or p y Its original Insulating prop.
3.6

insulatlon conflguration terminal
any of the terminals between any two of which a voltage that stresses the insulation can be
applied. The types of terminal are:

(a) phase terminal, between which and the neutral is applied in service the phase-to-neutral
voltage of the system;

(b) neutral terminal, representing, or connected to, the neutral point of the system (neutral
terminal of transformers, etc.);

(c) earth terminali, aiways soiidiy connected to eerth in service (tank of transformers, base of
disconnectors, structures of towers, ground plane, etc.).

-8- 6007 1-1© IEC:2006
3.7
Insulation conflguration
compiete geometric canfiguration of the insulation in service, consisting of the insulation and

of ail terminels. It Includes ali eiements (insulating and conducting) which influence its
dielectric behaviour. The following insulation configurations are identified:

3.71
three-phase Insulation conflguration
configuration having three phase terminals, one neutral terminal and one earth terminal

3.7.2

phase-to-earth (p-e) insulation configuration

three-phase insulation configuration where two phase terminais are disregarded and, except
in particular cases, the neutral terminal is earthed

3.7.3

phase-to-phase(p-p) insulation configuration

three-phase insulation configuration where one phase terminal is disregarded. In particular
cases, the neutral and the earth terminals are also disregarded

3.74

longitudinal(t-t) insulation configuration

insulation configuration having two phase terminals and one earth terminal. The phase
terminals belong to the same phase of a three-phase system temporarily separated into two
Independently energized parts (e.g. open switching devices). The four terminals belonging to
the other two phases are disregarded or earthed. In particular cases one of the two phase
termlnals considered is earthed

3.8
nominal voltage of a system

n
suitable approximate value of voltage used to designate or identify a system

[IEC 601-01-21:1985]

3.9
highest voltage of a.system

8
highest value of the phase-to-phase operating voltage (r.m.s. value) which occurs under
normal operating conditions at any time and at any point in the system

[IEC 601-01-23:1985, modified)

3.10
highest voltage for equipment

hi'g';hest velue of phase-to-phase voltage (r.m.s. value) for which the equipment is designed in
respect of its insulation es well as other characteristics which relate to this voltege in the
relevant equipment Standards. Under normal service conditions speclfied by the relevant
apparatus committee this voltage cen be applied continuously to the equipment

[IEC 604-03-01:1987, modified]
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311

Isolated neutral system

system where the neutral point is not intentionally connected to earth, except for high
impedance connections for protection or measurement purposes

[IEC 601-02-24:1985}

3.12
solidly earthed neutral system
system whose neutral point(s) is(are) earthed directly

[IEC 601-02-25:1985]

3.13
impedance earthed (neutral) system
system whose neutral point(s) is(are) earthed through impedances to limit earth fault currents

[IEC 601-02-26:1985]

3.14

resonant earthed (neutral) system

system in which one or more neutral points are connected to earth through reactances which
approximately compensate the capacitive component of a single-phase-to-earth fautt current

[IEC 601-02-27:1985)

NOTE With resonsnt earthing of a system. the residual current in the fault Is iimited to such an extent that an
arcing fault in air Is usually self-extingultshing.

3.15
earth fault factor

at a given location of a three-phase system, and for a given system configuration, the ratio of
the highest r.m.s. phase-to-earth power frequency voltage on a healthy phase during a fault to
earth affecting one or more phases at any point on the system to the r.m.s. phase-to-earth
power frequency voltage which would be obtained at the given location in the absence of any
such fault

[IEC 604-03-06:1987]

3.16

overvoltage

any voltage:

— between one phase conductor and earth or across a longitudinal insulation having a peak
value exceeding the peak of the highest voltage of the system divided by +3 ;
{IEC 604-03-09, modified] or

~ between phase conductors having a peak value exceeding the amplitude of the highest
voltage of the system
[IEC 604-03-09:1987, modified]

NOTE Unle 55 otherwlse clearly indicated. such as for surge airesters, overvoltage values expressed in p.u. refer

o Uyx 223
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3.17

classlficatlon of voltages and overvoltages

according to their shape and duration, voltages and overvoltages are divided in the following
classes

NOTE More detalls on the following six fIrst voltages and overvoltages are also glven in Table 1.

3.147.4

continuous (power frequency) voltage

power-frequency vollage, considered having constant r.m.s. value. continuously applied to
any pair of terminals of an insulation configuration

3.17.2

temporary overvoltage

TOV

power frequency overvoltage of relatively long duration

[IEC 604-03-12:1987, modified]

NOTE The overvoltage may be undamped or weakly damped In some cases Its frequency may be several times
smaller or higher Ihan power frequency.

3.17.3

translent overvoltage

short-duration overvoltage of few milliseconds or less, oscillatory or non-oscillatory, usually
highly damped

[IEC 604-03-13:1987]

NOTE Translent over may be fol d by
over ges are d as sep events,

Transient overvoltages are divided into:

p y over ges. In such cases the two

3.17.3.1

slow-front overvoltage

SFO

transient overvoltage, usually unidirectional, with time to peak 20 ps < Tp < 5 000 ps, and tail
duration T, < 20 ms

3.17.3.2

fast-front overvoltage

FFO

transient overvoltage, usually unidirectional, with time to peak 0.1 ps < T, < 20 ps, and tail
duration T, < 300 ps

3.17.3.3

very-fast-front overvoltage

VFFO

transient overvoltage, usually unidirectional with time to peak T; < 0.t ps, and with or without
superimposed oscillations at frequency 30 kHz < f < 100 MHz

3.17.4

combined overvoltage

consisting of two voltage components simultaneously applied between each of the two phase
terminals of a phase-to-phase (or longitudina!) insulation and earth. it is classified by the
component of higher peak value (temporary, slow-front, fast-front or very-fast-front)
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3.18
standard voltage shapes for test
the following voltage shapes are standardized:

NOTE More details on the following three first standard voltage shapes are given in IEC 60060-1 and also In
Table 1.

3.18.1
standard short-duration power-frequency voltage
sinusoidal voltage with frequency between 48 Hz and 62 Hz, and duration of 60 s

3.18.2
standard switching impulse
impulse voltage having a time to peak of 250 ys and a time to half-value of 2 500 ys

3.18.3
standard lightning impuise
impulse voltage having a front time of 1,2 ys and a time to half-value of 50 ps

3.184

standard combined switching impulse

for phase-to-phase insulation, a combined impulse voltage having two components of equal
peak value and opposite polarity.

The positive component is a standard switching impulse and the negative one is a switching
impulse whose times to peak and half value should not be less than those of the positive
impulse. Both impulses should reach their peak value at the same instant. The peak value of
the combined voltage is, therefore, the sum of the peak values of the components

3.18.5

standard combined voitage

for longitudinal insulation, a combined voltage having a standard impulse on one terminal and
a power frequency volitage on the other terminal. The impulse component is applied at the
peak of the power frequency voltage of opposite polarity

3.19
representative overvoltages

P . . . .
overvoltages assumed to produce the same dielectric effect on the insulation as overvoltages
of a given class occurring in service due to various origins.

They consist of voltages with the standard shape of the class, and may be defined by one
value or a set of values or a frequency distribution of values that characterize the service
conditions

NOTE This definiticn also applies to the continuous power frequency voltage representing the effect of the service
voltzge on the insutation.

3.20

overvoitage iimiting device

device which limits the peak values of the overvoitages or their durations or both. They are
classified as preventing devices (e.g., a preinsertion resistor), or as protective devices (e.g.. a
surge arrester)
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3.21
lightning [or switching] impuise protective leve!
Uy [or Uyl

maximum permissible peak voltage value on the terminals of a protective device subjected to
lightning [or switching} impulses under specific conditions

[fEC 604-03-56:1987 and IEC 604-03-57:1987}

3.22

performance criterion

basis on which the insulation is selected so as to reduce to an economically and operationally
acceptable level the probability that the resulting voltage stresses imposed on the equipment
will cause damage o equipment insulation or affect continuity of service. This criterion is
usually expressed in terms of an acceptable failure rate (number of failures per year, years
between failures, risk of failure, etc.) of the insutation configuration

3.23

withstand voltage

value of the test voltage to be applied under specified conditions in a withstand voltage test,
during which a specified number of disruplive discharges is tolerated. The withstand voitage
is designated as:

a) conventional assumed withstand voltage. when the number of disruptive discharges
tolerated is zero. It is deemed to correspond to a withstand probability P, = 100 %;

b) statistical withstand voltage, when the number of disruptive discharges tolerated is related
to a specified withstand probability. In this standard, the specified probability is P,, = 90 %.

NOTE in this standard. for f ing are spacified co tionaf g
and for self- a are ifled withstand voltag
3.24

co-ordination withstand voltage

cw
for each class of voltage, the value of the withstand voltage of the insulation configuration in
actual service conditions, that meets the performance criterion

3.25
co-ordination factor

c
factor by which the value of the representative overvoltage must be multiplied in order to
obtain the value of the co-ordination withstand voitage

3.26
standard reference atmospheric conditions
atmospheric conditions to which the standardized withstand voltages apply (see 5.9)

3.27
required withstand voltage

Y,

le's“{ voltage that the insulation must withstand in a standard withstand voltage test to ensure
that the insulation will meet the performance criterion when subjected to a given class of
overvoltages in actual service conditions and for the whole service duration. The required
withstand voltage has the shape of the co-ordination withstand voitage, and is specified with
reference to all the conditions of the standard withstand voitage test selected to verify it
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3.28
atmospherlc correction factor

t

factor to be applied to the co-ordination withstand vottage to account for the difference in
dietectric strength between tha average atmospheric condltions in service and the standard
reference atmospheric conditions

tt applies to external insulation only, for al{ altitudes

NOTE 4 The factor K, allows the correction of test voltages taking into account the difference between the ectuai
atmospheric conditions during test and the fe diti For the factor K;, the
atmospherlc conditions taken Into account are alr prassure, temperature end humidity.

NOTE 2 For Insulation co-ordinetion purposes usuaslly only the alr pressure correction needs to be taken Into
account.

3.29
altitude correction factor

K.

factor to be applied to the co-ordination withstand voltage to account for the difference in
dielectric strength between the average pressure corresponding to the altitude in service and
the standard reference pressure

NOTE The altitude correction factor K, Is part of the atmospheric correctlon factor K,

3.30
safety factor
K

o:erall factor to be applied to the co-ordinatlon withstand voltage, after the application of the
atmospheric correction factor (if required), to obtain the required withstand voltage,
accounting for all other differences in dielectric strength between the conditions in service
during life time and those in the standard withstand voltage test

3.31
actual withstand voltage of an equipment or insulation configuration

[7)
hi!g‘?\est possible vatue of the test voltage that can be applied to an equipment or Insulation
configuration in a standard withstand voltage test

3.32
test converslon factor

tc
for a given equipment or insulation configuration, the factor to be applled to the required
withstand voltage of a given overvoltage class, in the case where the standard withstand
shape of the selected withstand voitage test is that of a different overvoitage class

NOTE For a glven equipment or Insulation configuration: the test converslon factor of the standard voltage shape
(a) to the standard voltage shape (b) must be higher than or equal to the ratio between the actual withstand voltage
for the standard voltage shape (a) and the actual withstand voltage of the standard voltage shape (b).

3.33
rated withstand voitage
value of the test voltage, apptled in a standard withstand voitage test that proves that the

insulation compties with one or more required withstand voltages. It is a rated value of the
insulation of an equipment

3.34
standard rated withstand voltage

sthdard value of the rated withstand voltage as specified in this standard (see 5.6 and 5.7)
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3.35
rated insulation level
set of rated withstand voltages which characterize the dielectric strength of the insulation

3.36

standard Insulation level

set of standard rated withstand voltages which are associated to U,, as specified in this
standard (see Table 2 and Table 3)

3.37

standard withstand voltage test

dielectric test performed in speclfled conditions to prove that the insulation complies with a
standard rated withstand voltage

NOTE 1 This standard covers:

— short-duration powerfrequency vollage tests;

— switching impulse tests;

— lightning Impulse tests;

- combined switching impulse tests;

- combined voltage tests.

NOTE 2 More detalled Inf on the d voltage tests are glven in IEC 60060-1 (see also
Table 1 for the test voltage shapes).

NOTE 3 The very-fast-front impulse standard withstand voltage tests should be specified by the relevant
f d.

PP q

4 Symbols and abbreviations

4.1 General

The list covers only the most frequently used symbols and abbreviations which are useful for
Insulatlon co-ordination.

4.2 Subscrlipts

p-e related to phase to earth
t-t related to longitudinal
max maximum (IEC 60633)
p-p related to phase to phase

4.3 Letter symbols

frequency
k earth fault factor
K atmospheric correction factor
Kq altitude correction factor
K. co-ordination factor
Kg safety factor
Kie test conversion factor
Py withstand probability
T1 front time

T, time to half value of a decreasing voltage
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T time to peak value

Ty total overvoltage duration

Uaw the actual withstand voltage of an equipment or insulation conflguration
Ucw co-ordination withstand voltage

Un highest voltage for equipment

U, nominal voltage of a system

Up lightning impulse protective level of a surge arrester
Up, switching impulse protectlve level of a surge arrester
Unp representative overvoltage

Upw required withstand voltage

U, highest voltage of a system

Uw standard rated withstand voitage

4.4 Abbreviations

FFO fast-front overvoltage

ACWV standard rated short-duration power frequency withstand voltage of an
equipment or insulation configuration

LiPL lightning impulse protective level of a surge arrester

SIPL switching impuise protective level of a surge arrester

Liwv standard rated lightning impulse withstand voltage of an equipment or
insulation configuration

SFO slow-front overvoltage

SIwV standard rated switching impulse withstand voltage of an equipment or
insulatlon configuration

TOV temporary overvoltage

VFFO very-fast-front overvoitage

5 Procedure for insulation co-ordination

5.1  General outline of the procedure

The procedure for insulatlon co-ordinatlon consists of the selectlon of the highest voitage for
the equipment together with a correspondlng set of slandard rated withstand voltages which
characlerize the insulation of the equip r d for the application. This procedure is
outlined in Figure 1 and its steps are described in 5.1 to 5.5. The optimization of the selected
set of U, may require reconsideration of some input data and repetition of part of the
procedure.

The rated withstand voltages shall be selected from the lists of standard rated withstand
voltages given in 5.6 and 5.7. The set of selected standard voltages constitutes a rated
insulation level. If the standard rated withstand voltages are also assaciated with the same
Up, according to 5.10, this set constitutes a standard insutation level.
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Origin end classlfication of siressing ! 1
voftages (see 3.16 and 3.17) = ] System analysls (see 5.2)
Protective level of overvoltage limiting -J
devices (see 3.21) '
Insulation characteristics I Representstive voltages and I
B — — — 1
Insulation charecteristics guervoliages U fac02.18)
Performance criterlon (see 3.22)
Statistical distribution (+) {Selaction of the Insulalion meeling _ |
1the performance criterion (see 5. 3)|
Inaccuracy of Input data (+) - e - - Gt -
(+) Effects combined fn a co-ordination
factor Ke (se0 3.25) Co ordination withstand voltages U,
Altitude correction factors Ka (see 3.24)
(or atmospheric correclon factors K
(see 3.28 and 3.29) &
\ w | ,ee—m—- — Y [EE S =
Equipment test asse«:blyi ) 1Application of factors to account for i
Dispession In production *) \the differencas between type test 1
Quallty of Installation *) — Icundkluns and actual 1
AgeingIn service *) senvicajcondiians (see 5.4)8
Other unknown factors *) o= il iade - Aadindedl ol
") Effects combined In a safety factor Ky Y
(see 3.30) Required withstand voltages Uny
e (see 3.27)|
Test condltions (see 6)

Test conversion factor K, (see 3.32) '
| Selection of rated withstand \ vollages 1

Stendard withstand voltages I (see 3.33) or standard rated withstand |
(se05.6andS5.7) g fvoitages U, (see 3.34) from the lists :
Ranges of U (see 5.8) IIn5.6and 5.7

Rated or standard Insulation level : set of Uy, (see 3,35 and 3.36)

iEc
NOTE In the porting the d of the tesm or the description of the actlon.

= ] Sided boxes refer to required input

22221 Sided boxes refer to perfarmed actions

[————] Sided boxes refer to obtalned results

Figure 1 - Flow chart for the determination of rated or standard Insulation level
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5.2 Determination of the representative voltages and overvoltages Y,

The voltages and the overvoltages that stress the insulation shali be determined in amplitude,
shape and duration by means of a system analysls which includes the selection and location
of the overvoltage preventing and limiting devices.

For each class of voltages and overvoltages, this analysis shall then determine a
representative voltage and overvoltage, taking into account the characteristics of the
insulation with respect to the different behaviour at the voltage or overvoltage shapes in the
system and at the standard voltage shapes applied in a standard withstand voltage test as
outlined in Table 1.

Table 1 - ClI. and of overvoltages, Standard voltage shapes
and Standard withstand voltage tests
Class Low freguency Tranalent
Continuous Temporary Slow-front Fast-front Very-fast-front
[ T
i F N 4
Voltagae or ) .‘i’r 1 s i / PL“,.\‘ J-\n
over- AW ¥ i u £ [\
voltage |~4‘JV\'J\I‘\1 Htﬁl N7 T xﬁ‘ 1t er ‘1‘/ \/ o
shapes L S 1in i
Ty 100 ns
Range of M0 Hz<f< 0,3MHz <[, <
voltage or f=50 Hz or 500 Hz 20ps<T; s 0,1us<7;s 100 MHz"
over- 60 Hz 5000 ps 20 gs
voltage 002s<T7, < 30kHz </ <
shapes 7,23 600s 3600 s T, $20ms T,5300 s 300 kHz
Standard
voltage L
shapes
f=50 Hz 48Hzsf< = -
or 60 Hz 62 Hz T, =250 ps Ty=12ps
e =608 T, = 2500 ps T,=50ps
Standard Short-duration btnl
withstand U power t :mpulse L 4 lmpulse .
voltage test frequency test e L
® To be specified by the relevant apparatus committees.

The representative voltages and overvoltages may be characterlzad aither by:

— an assumed maximum, or
- asetof peak values, or

— acomplete statistical distribution of peak values.

NOTE In the last case addltional characteristics of the overvoltage shapes may have to be consldered.
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When the adoption of an assumed maximum is considered adequate, the representativa
overvoltage of the various classes shall be:

— For the continuous power-frequency voltage: a power-frequency voltage with r.m.s. value
equal to the highest voltage of the system, and with duration corresponding to the lifetime
of the equipment.

— For the temporary overvoltage: a standard power-frequency short-duration voltage with an
r.m.s. value equal to the assumed maximum of the temporary overvoltages divided by J2.

—~ For the slow-front overvoltage: a standard switching impulse with peak value equal to the
peak value of the assumed maximum of the slow-front overvoltages.

— For the fast-front overvoltage: a standard lightning impulse with peak value equal to the
peak value of the assumed maximum of the fast-front overvoitages phase to earth.
NOTE For GIS or GIL with three-phase enclosure and Insulation levels chosen among the lowest ones for a
given Up, the ph to-ph: over ges may need

—~ For the very-fast-front overvoitage: the characteristics for this class of overvoltage are
specified by the relevant apparatus committees.

— For the slow-front phase-to-phase overvoltage: a standard combined switching impulse
with peak value equal to the peak value of the assumed maximum of the slow-front phase-
to-phase overvoltages.

~ For the slow-front [or fast-front] longitudinal overvoltage: a combined voltage consisting of
a standard switching [or lightning] impuise and of a power-frequency voltage, each with
peak value equal to the two relevant assumed maximum peak values, and with the instant
of impulse peak coinciding with the peak of the power-frequency of opposite polarity,

5.3 Determination of the co-ordination withstand voltages (U.,,)

The determination of the co-ordination withstand voltages consists of determining the lowest
values of the withstand voltages of the insulation meeting the performance criterion when
subjected to the representative overvolitages under service conditions.

The co-ordination withstand voltages of the insulation have the shape of the representative
overvoltages of the relevant class and their values are obtained by multiplying the values of
the representative overvoltages by a co-ordination factor. The value of the co-ordination
factor depends on the accuracy of the evaluation of the representative overvoltages and on
an empirical, or on a statistical appraisal of the distribution of the overvoitages and of the
Insulatlon characteristics.

The co-ordination withstand voltages can be determined as either conventional assumed
withstand voltages or statistical withstand voltages. This affects the determination procedure
and the vatues of the co-ordination factor.

Simulations of overvoltage events combined with the simultaneous evaluation of the risk of
failure, using the relevant insulation characteristics, permit the direct determination of the
statistical co-ordination withstand voltages without the intermediate step of determining the

repr overvoltag
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5.4 Determination of the required withstand voitage (U,,,)

The determination of the required withstand voltages of the insulation consists of converting
the co-ordination withstand voltages to appropriate standard test conditions. This is
accomplished by multiplying the co-ordination withstand voltages by factors which
compensate the differences between the actual in-service conditions of the insulation and
those in the standard withstand voltage tests.

The factors to be applied shali compensate atmospheric conditions by the atmospheric
correction factor K, and the effects listed below by a safety factor Kj.

Effects combined in a safety factor Kj:

— the differences in the equipment assembly;

— the dispersion in the product quality;

— the quality of installation;

— the ageing of the insulation during the expected lifetime;
— other unknown influences.

If, however, these effects cannot be evaluated individually, an overall safety factor, derived
from experience, shall be adopted (see IEC 60071-2).

The atmospheric correction factor K; is applicable for external insulation only. K, shall be
applied to account for the differences between the standard reference atmospheric conditions
and those expectled in service.

For altitude correction, the altitude correction factor K, which considers only the average alr
pressure corresponding to the altitude has to be applied. The altitude correction factor K, has
to be epplied whatever is the altitude.

5.5 Selection of the rated insulation level

The selection of the rated insulation level consists of the selection of the most economical set
of standard rated withstand voltages (U,,) of the insulation sufficient to prove that ali the
required withstand voltages are met.

The highest voitage for equipment is then chosen as the next standard value of U, equal to
or higher than the highest voltage of the system where the equipment will be installed.

For equipment to be installed under normal environmental conditions relevant to insulation,
U,, shall be at least equal to U,.

For equipment to be installed outside of the normal environmental conditions relevant to
insulation, U, may be selected higher than the next standard value of Un equal to or higher
than Ug according to the special needs involved.

NOTE As an example, the selection of a U, value higher than the next standard value of U,, equal to or higher
than U; may arlse when the equipment has to be installed at an altitude higher than 1000 m in order to compensate
the decrease of vithstand voitage of the external insulation.

Standardization of tests, as welf as the selection of the relevant test voltages, to prove the
compliance with U,,,, are performed by the relevant apparatus committees (e.g. poliution tests,
partial discharge voltage tests...).
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The withstand voltages to prove that the required temporary, slow-front and fast-front
withstand voltages are met, for phase-to-earth, phase-to-phase and longitudinal insulation,
may be selected with the same shape as the required withstand voltage, or with a different
shape, exploiting, for this last selection, the intrinsic characteristics of the insulation.

The value of the rated withstand voltage is then selected in the list of the standard rated
withstand voltages reported in 5.6 and 5.7, as the next value equal to or higher than:

- the required withstand voltage in the case of the same shape,

— the required withstand voltage multiplied by the relevant test conversion factor in the case
of a different shape.
NOTE This may allow the adoption of z single standard rated wilhstand voitage o prove compliance with more

then ane required withstand voltage. thus glving the possliblilty of reducing the number of rated withstand voltages
that would define a rated Insulation level (e.g. see 5.10).

For equlpment to be used in normal environmental conditions, the rated insulation level
should then preferably be selected from Table 2 and Table 3 corresponding to the applicable
highest voltage for equipment such that these rated withstand voitages are met.

The selection of the standard rated withstand voltage to prove the compliance with the very-
fast-front required withstand voltaga shall be considered by the relevant apparatus
committees.

For surge arresters the required withstand voltages of the insulating housing are based on the
protective levels Up and Up, with suitable safety factors applied as per the apparatus
standard IEC 60099-4. In general, therefore, the withstand voltages shall not be selected from
the lists of 5.6 and 5.7

5.6 List of standard rated short-duration power frequency withstand volitages

The following r.m.s. values, expressed in kV, are standardized as withstand voltages: 10, 20,
28, 38, 50, 70, 95, 115, 140, 185, 230, 275, 325, 360, 395, 460.

The following r.m.s. values, expressed in kV, are recommended as withstand voltages : 510,
570, 630, 680, (710, 790, 830, 880, 960, 975 : these last values are under consideration).

5.7 List of standard rated impulse withstand voitages

The following peak values, expressed in kV, are standardized as withstand voltages: 20, 40,
60, 75, 95, 125, 145, 170, 200, 250, 325, 380, 450, 550, 650, 750, 850, 950, 1050, 1175,
1300, 1425, 1550, 1675, 1800, 1950, 2100, 2250, 2400.

5.8 Ranges for highest volitage for equipment
The standard highest voltages for equipment are divided in two ranges:

— range |: Above 1 kV to 245 kV included (Table 2). This range covers both transmission
and distribution systems. The different operational aspects, therefore, shall be taken into
account in the selaction of the rated insulation level of the equipment.

— range ll: Above 245 kV (Table 3). This range covers mainly transmission systems.



60071-1 © IEC:2006 -21-~

5.9 Environmental conditions
5.9.1 Normal environmental conditions

The normal environmental conditions that are of concern for Insulation coordination and for
which withsland volteges can be usually selected from Table 2 or Table 3 are the following:

@) The ambient eir tempereture does not exceed 40 °C end its average value, measured over
a period of 24 h, does not exceed 35 °C. The minimum embient air temperature is ~10 °C
for class "-10 outdoor”, =25 °C for class "-25 outdoor” and —40 °C for class “~40 outdoor".

b) The altitude does not exceed 1 000 m above sea level.

c) The ambient air is not significantly poliuted by dust, smoke, corrosive gases, vapours or
salt. Pollution does not exceed pollution levei I — Medium, according to Table 1 of
IEC 60071-2.

The presence of condensation or precipitation is usual. Precipitation in form of dew,
condensation, fog, rain, snow, ice or hoar frost is considered.

NOTE P ct for are described in 1EC 60060-1. For other properties, precipitation
characteristics are described in 1EC 60721-2-2.

d

5.9.2 Standard reference atmospheric conditions

The standard reference atmospheric condition for which the standardlzed withstand voltages
apply are:

a) temperature: ty = 20 °C
b) pressure: b, = 101,3 kPa (1013 mbar)
c) absolute humidity: hg = 11 g/m3.

5.10 Seolection of the standard Insulation leve!

The essociation of standard rated withstand volteges with the highest voltage for equipment
has been standardized to benefit from the experience gained from the operation of systems
designed according to IEC standards and to enhance standardization.

The standard rated withstand voltages are associated with the highest voltage for equipment
according to Table 2 for range | and Table 3 for range Il. These standard rated withstand
voltages are valid for the normal environmental conditions and are adjusted to the standard
reference atmospheric conditions,

The associations obtained by connecting standard rated withstand voltages of all columns
without crossing horizontal marked lines are defined as standard insulation levels.

Furthermore, the following associations are standardized for phase-to-phase and longitudinal
insulation:

— For phase-to-phase insulation, range |, the standard rated short-duration power-frequency
and lightning impulse phase-to-phase withstand voltages are equal to the relevant phase-
to-earth withstand voltages (Teble 2). The values in brackets, however, may be insufficient
to prove that the required withstand voltages are met and additional phase-to-phase
wilhstand vollage tests may be needed.

-22~ 60071-1 ® IEC:2006

— For phase-to-phase insulation, range I, the standard lightning impulse withstand voltage
phase-to-phase is equal to the lightning impulse phase-to-earth.

— For longitudinal insulatlon, range |, the standard rated short-duration power-frequency and
lightning impulse withstand voltages are equal to the relevant phase-to-earth withstand
voltages (Table 2).

— For longitudinal insulation, range [l, the standard switching impulse component of the
combined withstand voltage is given in Table 3, while the peak value of the power-

frequency component of opposite polarity is U, x Ji/\@) .
— For longitudinal insulation range I, the standard lightning impulse component of the

combined withstand voltage is equa! to the relevant phase-to-earth withstand voitage
(Table 3), while the peak value of the power-frequency component of opposite polarity is

0.7 x U x V2/\3.

More than one preferred association is foreseen for most of the highest voltages for
equipment to allow for the appfication of different performance criteria or overvoitage patterns.

For the preferred associations. only two standard rated withstand voltages are sufficient to
define the rated insulation level of the equipment:
— For equipment in range |:

a) the standard rated lightning impulse withstand voltage and,

b) the standard rated short-duration power-frequency withstand voltage.
— For equipment in range |I:

a) the standard rated switching impulse withstand voltage, and

b) the standard rated lightning impulse withstand voltage.
If technically and economically justified, other associations may be adopted. The
recommendations of 5.1 to 5.8 shall be followed in every case. The resulting set of standard

rated withstand voltages shall be termed, therefore, rated insulation level. Particular examples
are:

- For external insulation, for the higher values of U, in range I, it may be more economical
to specify a standard rated switching impulse withstand voltage instead of a standard
rated short-duration power-frequency withstand voltage.

— For internal insulation in range !i, high temporary overvoltages may require the
specificatlon of a standard rated short-duration power-frequency withstand voltage.
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Table 2 ~ Standard insutation levels for range | (1kV < U, S 245 kV)
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Table 3 - Standard insulation levels for range H (U,, > 245 kV)

Highast voltage Standard rated short. Standard rated
for equipment duration lightning Impulse
Upm) power-frequency withstand voltage
KV withstand voitage
kv
(r.m.s. value) kv
(r.m.s. value) (peak velue)
20
36 10
40
40
7.2 20
€0
60
12 28 75
95
75
17.5° 38
95
95
24 50 125
145
145
36 70
170
52¢ 95 250
72,5 140 325
150, 380
100® (150) (380)
185 450
185, 450
5 (185) (450)
230 550
(185) (450)
145 230 550
275 650
(230) (550)
170" 2715 850
325 750
(275) (650)
(325) (750)
245 360 850
395 950
460 1050
NOTE If values In are idered to prove that the required
phase-to-phase ges are mel, additionai phase-to-phase withstand
voltage tests ase needed.
° These U, are non preferred valuves In {EC 60038 and thus no most frequently
din dards are glven,
®  This Uy, value Is not mentioned In IEC 60038 but It has been Introduced In range |
In some apparatus standards.

v:l::::.t‘or Standard rated switching Impulse withatand voltago Standard rated
L Phase-to-earth | Phase-to-phase Hgmv'::;'hg“'::l%“l“
(Um) Insulation ¢ voltage ®
KV (ratlo to the
kv kv phase-to-earth
(r.m.s. value) (peak value) (peak value) peak value) (peak value)
850
750 750 1.50
300 © 950
950
750 850 1,50
1050
950
850 850 1,50
=63 1050
1050
850 950 1.50
1175
1050
850 850 1,60
1175
1175
420 950 950 1.50
1300
1300
950 1050 1,50
1425
1175
950 950 1,70
1300
1300
550 950 1050 1,60
1425
950 1425
1175 1,50
1050 1550
1675
1175 1300 1,70
1800
1800
800 1175 1425 1,70
1950
1950
urs 1550 1.60
2100
NOTE The Introduction of U, above 800 kV Is under conslderation, and 1050 kV, 1100 kV and
1200 kV are itsted as U,, In IEC 60038 Amendment 2, 1997
a  Value of the Impuise component of the relevant combined test while the peak vaiue of the power-
freq P of opposite polarlty Is Uy, x V2 / V3,
o These values apply as for phase-to-easth and phase-to-phase as waell; for
Insutation they apply as the standard rated lightning impulse of the
rated withstand voltage, while the peak value of the power-fi P of
polarity 18 0.7 x Uy, x V2 / V3.
< This Uy Is a non preferred value In IEC 60038,
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5.11 Background of the standard insulation levels
5.41.1 General

The standard insulation levels given in Table 2 and Table 3 reflect the experience of the
world, taking into account modern protective devices and methods of overvoitage fimitation.
The selection of a particular standard insulation level should be based on the insulation co-
ordinalion procedure in accordance with the insulation co-ordination procedure described in
1EC 60071-2 (third edition) and should take into account the insulation characteristics of the
particular equipment being considered.

In range I, the standard rated short-duration power-frequency or the standard rated lightning
impulse withstand voltage should cover the required switching impulse withstand voltages
phase-to-earth and phase-to-phase as well as the required longitudinal withstand voltage.

In range #, the standard rated switching impuise withstand voltage should cover the required
short-duration power-frequency withstand voltage if no value is required by the relevant
apparatus commiftee.

In order to meet these general requirements, the required withstand voltages should be
converted to those voltage shapes for which standard rated withstand voltages are specified
using test conversion factors. The test conversion factors are determined from existing results
to provide a conservative value for the rated withstand voitages.

{EC 60071-1 leaves it to the relevant apparatus committee to prescribe a long-duration
power-frequency test intended to demonstrate the response of the equipment with
respect to ageing of internal insulation or to externat poliution (see also IEC 60507).

5.11.2 Standard rated switching impulse withstand voltage

In Table 3, standard rated switching imputse withstand voltages associated with each highest
voltage for equipment have been chosen in consideration of the following:

a) for equipment protected against switching overvoltages by surge arresters:

— the expected values of temporary overvoltages;

— the characteristics of presently available surge arresters;

- the co-ordination and safety factors between the protective level of the surge arrester and
the switching impulse withstand voltage of the equipment;

b) for equipment not protected against switching overvoltages by surge arresters:

- the acceptable risk of disruptive discharge considering the probable range of overvoltages
occurring at the equipment location;

- the degree of overvoltage control generally deemed economical, and obtainable by careful
selection of the switching devices and in the system design.

5.11.3 Standard rated lightning Impulse withstand voitage

In Table 3, standard rated lightning impulse withstand voltages assoclated with each standard
rated switching Impulse withstand voltage have been chosen In consideration of the followIng:
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a) for equipment protected by close surge arresters, the low values of lighting impulse
withstand level are applicable. They are chosen by taking into account the ratio of
lightning impulse protective level to switching impulse protective level likely to be
achieved with surge arresters, and by adding appropriate margins;

b) for equipment not protected by surge arresters (or not effectively protected), only the
higher values of lightning impulse withstand voltages shall be used. These higher values
are based on the typical ratio of the lightning and switching impulse withstand voltages of
the external insulation of apparatus (e.g. circuit-breakers, disconnectors, instrument
transformers, etc.). They are chosen in such a way that the insulation design will be
determined mainly by the ability of the external insulation to withstand the switching
impuise test voltages;

[

in a few extreme cases, provision should be made for a higher value of lightning impulse
withstand voltage. This higher value shall be chosen from the series of standard values
given in 5.6 and 5.7.

6 Requirements for standard withstand voltage tests

6.1 General requirements

Standard withstand voltage tests are performed to demonstrate, with suitable confidence, that
the actual withstand voltage of the insulation is not lower than the corresponding specified
withstand voltage. The voltages applied in withstand voltage tests are standard rated
withstand voltages unless otherwise specified by the retevant apparatus committees.

In general, withstand voltage tests consist of dry tests performed in a standard situation (test
arrangement specified by the relevant Apparatus Committees and the standard reference
atmospheric conditions). However, for non-weather protected external insulation, the standard
short-duration power-frequency and switching impulse withstand voltage tests consist of wet
tests performed under the conditions specified in IEC 60060-1.

During wet tests, the rain shall be applied simultaneously on all air and surface insulation
under voltage.

if the atmospheric conditions in the test laboratory differ from the standard reference
atmospheric conditions, the test voltages shall be corrected according to IEC 60060-1.

All impulse withstand voltages shall be verified for both polarities, unless the relevant
apparatus committees specify one polarity only.

When it has been demonstrated that one condition (dry or wet) or one polarity or a
combination of these produces the lowest withstand voltage, then it is sufficient to verify the
withstand voltage for this particular condition.

The insulation failures that occur during the test are the basis for the acceptance or rejection
of the test specimen. The relevant apparatus committees or technical committee 42 shall
define the occurrence of a failure and the method to detect it.

When the standard rated withstand voltage of phase-to-phase (or longitudinal) insutation is
aqual to that of phase-to-earth insulation, it is recommended that phase-to-phase (or
longitudinal)} insulation tests and phase-to-earth tests be performed together by connecting
one of the two phase terminals to earth.
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6.2 Standard short-duration power-frequency withstand voltage tests

A standard short-duration power-frequency withstand voltage test consists of one application
of the relevant standard rated withstand voltage to the terminals of the insulation
configuration.

Unless otherwise speclfied by the relevant apparatus committees, the Insulation is considered
to have passed the test If no disruptive discharge occurs. However, if one disruptive
discharge occurs on the self-restoring insulation during a wet test, the test may be repeated
once and the equipment is considered to have passed the test if no further disruptive
discharge occurs.

When the test cannot be performed (such as for transformers with non-uniform insulation), the
relevant apparatus committees may specify frequencies up to few hundred hertz and
duratlons shorter than 1 min. Unless otherwise justified, the test voltages shall be the same.

6.3 Standard impulse withstand voltage tests

A standard impulse withstand voltage test consists of a specified number of applications of
the relevant standard rated withstand voltage to the terminals of the insulatlon configuration.
Different test procedures may be selected to demonstrate that the withslend voltages are met
with a degree of confidence that experience has shown to be acceptabie.

The test procedure shall be selected by the apparatus committees from the following test
procedures which are standardized and fully described in iEC 60060-1:

— Three-impulse withstand voltage test in which no disruptive discharge is tolerated.

— Fifteen-impulse withstand voltage test in which up to two disruptive discharges on the seif-
restoring insulation are tolerated.

— Three-impulse withstand voltage test in which one disruptive discharge on the self-
restoring insulation is tolerated. If this occurs, nine additional impulses are applled during
which no disruptive discharge is tolerated.

— The up-and-down withstand voitage test with seven impulses per level in which disruptive
discharges on self-restoring Insutation are tolerated.

— The up-and-down test with one impuise per level, which is recommended only if the
conventional deviation, z, defined in IEC 60060-1 is known. The values suggested there,
z =6 % for swliching and z = 3 % for lightning impulses. shall be used if, end only if, is
known that z < 6 % and z < 3 % respectively. Otherwise other methods shall be used.

In all the test procedures described above no disruptive discharge is tolerated on the non-
self-restoring insulation. !n the case of a fifteen-impulse withstand voltage test performed on
equipment where both self-restoring and non self-restoring insulations are involved, the
IEC 60060-1 fifteen-impulse withstand voltage test procedure is adapted and used to verify
that no disruptive discharge occurs in the non-self-restoring insulation. This two out of fifteen-
impulse withstand voltage test adapted procedure is the following for each polarity:

the impulse number is at least 15;

— no disruptive discharges on non-self-restoring insulation shall occur; this is confirmed by
five consecutive impulse withstands following the last disruptive discharge;

tha number of disruptive discharges shall not exceed two.
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This two out of fifteen-impulse withstand voitage test adapted procedure may finally lead to a
maximum possible number of 25 impulses for each polarity.

No statistical meaning can be given to the three-impulse withstand voitage test in which no
disruptive discharge s tolerated (P, Is assumed to be 100 %). Its use is limited to cases in
which the non-self-restoring insulation may be damaged by a large number of voltage
applications.

When selecting a test for equipment in which non-self-restoring insulation is in parallel with
self-restoring Insulation, serlous consideration should be given to the fact that in some test
procedures voltages higher than the rated withstand voltage may be applied and many
disruptive discharges may occur.

6.4 Alternative test situation

When it is too expensive or too difficult or even impossible, to perform the withstand voltage
tests in standard test situations, the apparatus committees, or technical committee 42, shall
specify the best solution to prove the relevant standard rated withstand voltages. One
possibllity is to perform the test in an alternative test situation.

An alternative test situation consists of one or more different test conditions (test
arrangements, values or types of test voltages, etc.). It is necessary, therefore, to
demonstrate that the physical conditions for the disruptive discharge development, relevant to
the standard sltuation, are not changed.

NOTE A typical example Is the use of e single voltage source for the tests of longltudinai Insulation, while
Insulating the base, Instead of a combined voltage test. in thls case, the demonstration mentioned above
g the P g is a very string, for the of the .

6.5 Phase-to-phase and longitudinal insulation standard withstand voltage tests for
equipment in range |

6.5.1 Power-frequency tests

For some equipment with 123 kV < U,, £245kV, the phase-to-phase (or longitudinal)
insulation may require a power-frequency withstand voltage higher than the phase-to-earth
power-frequency’ withstand voltage as shown in Table 2. in such cases the test shall be
preferably performed with two voltage sources. One terminal shali be energized with the
phase-to-earth power-frequency withstend voltage and lhe other with the difference between
the phase-to-phase (or longitudinal) and the phase-to-earth power frequency withstand
voltages. The earth terminal shall be earthed.

Alternatively the test may be performed:

~ with two equal power-frequency voltage sources in phase opposition, each energizing one
phase terminal with half of the phase-to-phase (or longitudinal) insulation power-frequency
withstand voltage. The earth terminal shall be earthed;

— with one power-frequency voltage source. The earth terminal may be allowed to assume a
voltage to earth sufficient to avoid disruptive discharges to earth or to the earth terminal.

NOTE 0, during the test, the terminal earthed in service is camled to a vollage which influences the elactrical
stresses on the phase terminal (as occurs In p gas having Up, 2 72.5'kV), means
should be adopted td maintaln this voltage as close as possible to the difference between the test voltage of the
ph to-ph: (or | 1) | lon and that of the phase-to-earth Insulation.
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6.5.2 Phase-to-phase (or longitudinat) insulation lightning impuise tests

The phase-to-phase (or longitudinal) insulation may require e lightning impulse withstand
voltage higher than the standard phase-to-earth withstand voltage as shown in Table 2. in
such cases, the relevant tests shall be performed immediately after the phase-to-earth
insulation tests increasing the voltage without changing the test arrangement. In evaluating
the test results, the impulses leading to disruptive discharge to earth are considered as non-
events,

When the number of discharges to earth does not allow the test to be performed, a combined
test shall be adopted with an impulse component equal to the phase-to-earth lightning
impulse withstand voltage and a power-frequency component with the peak value of opposite
polarity equal to the difference between the phase-to-phase (or longitudinal) and the phase-
to-earth lightning impulse withstand voltages. Alternatively, for external insulation, the
relevant apparatus committees may specify that the phase-to-earth insulation be increased.

6.6 Phase-to-phase and longitudinal insulation standard withstand voltage tests for
equipment in range Il

The combined voltage withstand voltage test shall be performed meeting the following
requirements:

— the test configuration shall suitably duplicate the service configuration, especially with
reference to the influence of the earth pfane;
each component of the test voltage shall have the value specified in 5.10;

— the earth terminal shall be connected to earth;

- in phase-to-phase tests the terminal of the third phase shall be either removed or earthed,

— in longitudina! insulation tests the terminals of the other two phases shall be either
removed or earthed.

The test shall be repeated for all possible combinations of the phase terminals, unless proved
unnecessary by considerations of electrical symmetry.

In the evaluation of the test results, any disruptive discharge is counted. More detailed
recommendations for the tests are given by apparatus committees and 1EC 60060-1.

For special applications, the relevant apparatus committees may extend to longitudinal
insulation tighining impulse withstand voltage tests of range Il the same test procedure
applicable to equipment of range I.
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Annex A
(normative)

Clearances in air to assure a specifled impulse withstand
voltage installation

A.1  General

In complete Installations (e.g. substations) which cannot be tested as a whole, it is necessary
to ensure that the dielectric strength is adequate.

The switching and lightning impulse withstand voltages in air at standard reference
atmospheric conditions shall be equal to, or greater than, the standard rated switching and
lightning impulse withstand voltages as specified in this standard. Following this principle,
minimum clearances- have been determined for different electrode configurations. The
minimum clearances specified are determined with a conservative approach, taking into
account practical experience.

These clearances are intended solely to address insulation co-ordination requirements. Safety
requirements may result in substantially larger clearances.

Tables A.1, A.2 and A.3 are suitable for general application, as they provide minimum
clearances ensuring the specified insulation level.

These clearances may be lower if it has been proven by tests on actual or similar
configurations that the standard impulse withstand voltages are met, taking into account all
relevant environmental conditions which can create irregularities on the surface of electrodes,
for example rain, pollution. These distances are therefore not applicable to equipment which
has an mandatory impulse type test included in the specification, since a mandatory minimat
clearance might hamper the design of equipment, increase its cost and impede progress.

The clearances may also be lower, where it has been confirmed by operating experience that
the overvoltages are lower than those expected in the selection of the standard rated
withstand voltages or that the gap configuration is more favourable than that assumed for the
recommended clearances.

Table A.1 correlates the minimum air clearances with the standard rated lightning impulse
withstand voltage for electrode configurations of the rod-structure type and, in addition for
range Il, of the conductor-structure type. They are applicable for phase-to-earth clearances as
well as for clearances between phases (see note under Table A.1).

Table A.2 correlates the minimum air clearances for electrode configurations of the conductor-
structure type and the rod-structure type with the standard rated switching impulse withstand
voltage phase-to-earth. The conductor-structure configuration covers a large range for
normally used configurations.

Table A.3 correlates the minimum air clearances for electrode configurations of the conductor-
conductor type and the rod-conductor type with the standard rated switching impulse
withstand voltage phase-to-phase. The unsymmetrical rod-conductor configuration is the
worst electrode configuration normally encountered in service. The conductor-conductor
configuration covers all symmetrical configurations with simifar electrode shapes on the iwo
phases.



60071-1 © {EC:2006 -31-
The elr clearances applicable in service ere determined according to the foliowing rules.

A.2 Rangel

The air cleerance phase-to-earth and phase-to-phase is determined from Table A.1 for the
rated lightning impulse withstand voltage. The standard reted short-duratlon power-frequency
withstand voltage can be disregarded when the ratio of the standard rated lightning impulse
withstand voltage to the standard rated short-duration power-frequency withstand voltage is
higher than 1,7.

Table A.1 - Correlation between standard rated lightning impulse withstand
voltages and minimum air clearances

d rated llig pul Minimum clearance
withstand voltage mm
kv Rod-structure Conductor-structure
20 60
40 60
60 90
75 120
95 160
125 220
145 270
170 320
200 380
250 480
325 630
380 750
450 900
550 1100
650 1300
750 1500
850 1700 1600
950 1900 1700
1050 2100 100
1175 2350 2200
1300 2600 2400
1425 2850 2600
1550 3100 2900
1675 3350 3100
1800 3600 3 300
1950 3900 3600
2100 4 200 3900
NOTE The stan rated lig g impulse ges are ph to-ph. and phase-
to-earth.
For phase-to-earth, the I for and rod: e ls
For phase-to-phase, the for rod. is applicabl
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A.3 Rangell

The phase-to-earth clearance is the higher value of the clearances determined for the rod-
structure configuration from Table A.1 for the standard rated lightning impulse withstand
voltages, and from Table A.2 for the standard rated switching impulse withstand voltages
respectively.

The phase-to-phase clearance Is the higher value of the clearances determined for the rod-
structure configuration from Table A.1 for the standard rated lightning impulse withstand
voltages and from Table A.3 for the standard switching impulse withstand voltages
respectively.

The values are’valid for altitudes which have been taken into account in the determination of
tha required withstand voltages.

The clearances necessary to withstand the standard rated lightning impulse withstand voltage
for the longitudinal insulation in range Ii can be obtained by adding 0,7 times the highest
voltage of a system (Ug) phase-to-earth peak to the value of the standard rated lightning
impulse withstand voltage and by dividing the sum by 500 kV/m.

The clearances necessary for the longitudinal standard rated switching impulse withstand
voltage in range 1| are smaller than the corresponding phase-to-phase value. Such clearances
usually exist only in type tested apparatus and minimum values are therefore not given in this
standard.

Table A.2 — Correlation between standard rated switching impuise withstand
voltages and minimum phase-to-earth air clearances

Standard rated switching Minimum phase-to-earth
Impulsa
withstand voltage Lyl
13 Rod Cond
750 1900 1600
850 2400 1800
950 2900 2200
1050 3400 2600
1175 4 100 3 100
1300 4 800 3600
1425 5600 4 200
1550 6 400 4900
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Table A.3 - Correfation bet tandard rated switching impulse withstand
voltages and minimum phase-to-phase air clearances
Standard rated g Impul. Minl ph. to-ph. I
withstand voltag -
Phase-to- Phase-to-phase value Phase-to- Conductor-conductor Rod-
earth phase paraliel conductor
W Phase-to-earth value W
750 1.5 1125 2300 2600
850 1.5 1275 2600 3100
850 1.6 1360 2900 3400
950 1.5 1425 3100 3600
950 17 1615 3700 4300
1050 1.5 1575 3600 4200
1050 1.6 1 680 3900 4 600
1178 1.5 1763 4200 5000
1300 1.7 2210 6 100 7 400
1425 137, 2423 7200 9000
1550 1,8 2480 7600 9400

Values of rated Insulatlon levels for 1kV < U, < 245 kV for
highest voltages for equipment U, not standardized by IEC

_34-

Annex B
(informative)

60071-1® IEC:2008

based on current practice in some countrles

Table B.1 - Values of rated Insulation levels for 1kV < U,, S 245 kV for highest voltages
for equipment U, not standardized by IEC based on current practice in some countries

Highest voltage
for aquipment

Standard rated short-
duration
power-frequency

Standard rated
tightning Impuise

(Um) withstand voltage withstand voitage
kv KV kv
(r.m.s. value) {rm.s, valve) (peak value)
ac 185
80 190
405
85 200
140 325
825
150 3680
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

INSULATION CO-ORDINATION ~

Part 2: Application guide

FOREWORD
1) The IEC (lnternahonal Eluw ical C Ission) is a Idwid Ization for st i
alt | electr i (IEC National C ) The object to the IEC Is to promole
Interneti ion on all i concerning slanderdxzauon in the eleclncal end electronic fields. To
this end and in addlllun to other lvitl the IEC Interr dards. Thelr prep: lon Is
entrusted to technical committees; any |IEC Nallonal Committee Interested In the sublect des!t with may
participate In this preparalory work. Inter tal and non-g Halsing
with the IEC elso perticipate in this preparation. The IEC collaborates closely with the Inlarnallonal Organization
for Stand (I1SO) in d: with diti determined by agreement between the two

organizetions.
2

=

The formal declsions or agreements of the IEC on technical matters express, as nearly as possible en
international consensus o' oplnlon on the relevant subjects since each technical committee has representation
from all

3) The documents produced have the form of r d for | use and are published in the form
of standerds, technlcal reports or guides end they are pted by the Natlonal C In that sense.

4) In order to promote international unificati IEC Nati | C i undertake to apply IEC International

dards parently to the i extent ble in their ional and regional standerds. Any

divergence between the IEC Standard and the corresponding national or regional standard shall be clearly
Indicated In the lattar,

§) The IEC provides no rki dure to its appi and cannot be rendered responsible for any
equipment declared to be in con(orml(y wnh one of Its standards.

6) Attention is drawn to the possibillty that some of the elements of this internatlonal Standard may be the subject
of patent rights. The [EC shall not be held responsible for Identifylng any or all such patent rights.

International Standard IEC 71-2, has been prepared by IEC technical committee 28: insulation
co-ordination.

This third edition cancels and replaces the second edition published in 1976 and constitutes a
technical revision.

The text of this standard is based on the following documents:

FDIS Report on voting
28/115/FDIS 28/117/RVD

Full information on the voting for the approval of this standard can be found in the report on
voting indicated in the above table.

Annex A forms an integral part of this standard.

Annexes B to J are for information only.
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INSULATION CO-ORDINATION -

Part 2: Application guide

1 General

1.1 Scope

This part of IEC 71 constitutes an application guide and deals with the selection of insutation
leveis of equipment or instailations for three-phase electrical systems. its aim Is to give
guldance for the determination of the rated withstand voltages for ranges | and |l of IEC 71-1
and to justify the association of these rated vaiues with the standardized highest voltages for
equipment,

This assoclation is for Insulation co-ordination purposes only. The requirements for human
safety are not covered by this appiication guide.

It covers three-phase systems with nominal voltages above 1 kV. The values derived or
proposed hereln are generally applicable only to such systems. However, the concepts
presented are also valid for two-phase or single-phase systems.

It covers phase-to-earth, phase-to-phase and longitudinal insulation.

This application guide is not intended to deal with routine tests. These are to be specified by
the relevant product committees.

The content of this guide strictly follows the fiow chart of the Insulation co-ordination process
presented in figure 1 of IEC 71-1. Clauses 2 to 5§ correspond to the squares in this flow chart
and give detailed information on the concepts governing the insulation co-ordination process
which ieads to the estabiishment of the required withstand levels.

The guide emphasizes the necessity of considering, at the very beginning, all origins, all
classes and all types of voitage stresses in service irrespective of the range of highest voitage
for equipment. Only at.the end of the process, when the selection of the standard withstand
voltages takes place, does the principle of covering a particular service voltage stress by a
standard withstand voltage apply. Also, at this final step, the guide refers to the correlation
made In IEC 71-1 between the standard insulation levels and the highest voftage for
equipment.

The annexes contaln examples and detalled information which explain or support the concepts
described in the main text, and the basic analytical techniques used.

1.2 Normative references

The following normative documents contain provisions which, through reference in this text,
constitute provisions of this part of IEC 71. At the time of publication, the editions indicated
were valid. All normative documents are subject to revislon, and parties to agreements based
on this part of IEC 71 are encouraged to investigate the possibility of applying the most recent
editions of the normative documents indicated beiow. Members of IEC and ISO maintain
reglsters of currently valid International Standards.
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|EC 56: 1987, High-voltage alternating-current circuit-breakers
IEC 60-1: 1989, High-voltage test techniques —~ Part 1: General definitions and test requirements
IEC 71-1: 1993, Insulation co-ordination — Part 1: Deflnitions, principles and rules

IEC 99-1: 1991, Surge arresters — Part 1: Non-linear resistor type gapped surge arresters for
a.c. systems

IEC 99-4: 1991, Surge arresters — Part 4: Metal-oxide surge arresters without gaps for a.c.
systems

IEC 99-5: 1996, Surge arresters — Part 5: Selection and application recommendations -
Section 1: General

IEC 505: 1975, Guide for the evaluation and identification of insulation systems of electrical
equipment

IEC 507: 1991, Artificlal pollution test on high-voltage insulators to be used on a.c. systems

IEC 721-2-3: 1987, Classification of environmental conditions — Part2: Environmental
conditions appearing in nature — Air pressure

IEC 815: 1986, Guide for the selectlon of Insulators In respect of polluted condltions
1.3 Llist of symbols and definitions

For the purpose of this part of IEC 71, the following symbols and definitions apply. The
symbol is followed by the unit to be normally considered, dimensionless quantities being
indicated by (-).

Some quantities are expressed in p.u. A per unit quantity is the ratio of the actual value of an
electrical parameter (voltage, current, frequency, power, impedance, etc.) to a given reference
value of the same parameter.

A (kV) parameter characterizing the influence of the lightning severity for the
equipment depending on the type of overhead line connected to it.

a, (m) length of the lead connecting the surge arrester to the line.

a, (m) length of the lead connecting the surge arrester to earth.

a; (m) length of the phase conductor between the surge arrester and the protected
equipment.

3, (m) length of the active part of the surge arrester.

8 (-) factor used when describing the phase-to-phase discharge characteristic.
C, (nF) capacitance to earth of transformer primary windings.

C, (nF) series capacitance of transformer primary windings.

C, (nF) phase-to-earth capacitance of the transformer secondary winding.

Ci; (nF) capacitance between primary and secondary windings of transformers.
Cun (nF) equivalent input capacitance of the terminals of three-phase transformers.
Cain  (nF)  equivalent input capacitance of the terminals of three-phase transformers.
Cyn (nF) equivalentinput capacitance of the terminals of three-phase transformers.
c (m/us) velocity of light.
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o

E

(p.u.) coupling factor of voltages between earth wire and phase conductor of

overhead lines.

(kV/m) soil lonization gradient.

(-)
(m)
(-)
(m)
(kA)
(kA)
(-)
(-)

)
)
)
)

function describing the cumulative distribulion of overvoltage amplitudes,
where F(U) = 1 — P(U). See annex C.3.

function describing the probability density of overvoltage amplitudes.
rdtio of capacitively transferred surges.

altitude above sea-level.

power-frequency voltage factor for transferred surges in transformers.
height above ground.

lightning current amplitude.

limit fightning current in tower footing resistance calculation.

winding factor for inductively transferred surges in transformers.

gap factor taking into account the influence of the gap configuration on the
strength.

atmospheric correction factor. [3.28 of IEC 71-1}
co-ordination factor. {3.25 of IEC 71-1}

safety factor. {3.29 of IEC 71-1)

deterministic co-ordination factor.

(us/(kVm)) corona damping constant.

()
()
)
)
(m)
(m)

(m)

(%)
(%)

Q)
(1/a)

statistical co-ordination factor.

gap factor for fast-front impulses of positive polarity.

gap factor for fast-front impulses of negative polarity.

earth-fault factor. [3.15 of IEC 71-1]

separation distance between surge arrester and protected equipment.

overhead line length yielding to an outage rate equal to the acceptable one
(related to R,).

overhead line length for which the lightning outage rate is equal to the adopted
return rate (related to Ry).

span length.

number of insulations in parallel considered to be simultaneously stressed by
an overvoltage.

exponent in the atmospheric correction factor formula for external insulation
withstand.

number of conventional deviations between Us, and U, of a self-restoring
Insulation.

number of overhead lines considered connected to a station in the evaluation
of the impinging surge amplitude.

probability of discharge of a self-restoring insulation.

probability of withstand of self-restoring insulation.

response factor of transformer windings for inductively transferred surges.
risk of failure (failures per event).

acceptable failure rate for apparatus. For transmission lines, this parameter is
normally expressed in terms of (1/a)/100 km.
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Rhe (Q)

high current value of the tower footing resistance.

Ruwn (1/(m.a)) overhead line outage rate per year for a design corresponding to the first

Re (Q)
R, (1a)
Ry (la)
R (1/a)
R, (kV)
Ro ()
Ry  (Q)
R: (Q)
S (kVius)
S, (kV)
S (kV)
Sp (kV/ps)
se (%)
S ()

T (ns)
U (kv)
U (k)
Uo(kV)
Uo  (kV)
U™ (kV)
Ui (kV)
Uze  (kV)
U (kV)
Ui (kV)
Uis  (kV)
Uso  (kV)
Usom (kV)
Usorp(kV)
U (kv)
Us  (kV)

kilometre in front of the station.
low current vatue of the tower footing resistance.
shielding penetration rate of overhead lines.
shielding failure flashover rate of overhead lines.
adopted overvoltage return rate (reference value).

radius of a circle in the (/'/U plane describing the phase-phase-earth slow-
front overvoltages.

zero sequence resistance.

positive sequence resistance.

negative sequence resistance.

steepness of a lightning surge impinging on a substation.

conventional deviation of phase-to-earth overvoltage distribution.
conventional deviation of phase-to-phase overvoltage distribution.
representative steepness of a lightning impinging surge.

normalized value of the conventional deviation S, (S, referred to U,so)-
normalized value of the conventional deviation S, (S, referred to Upyso)-
travel time of a lightning surge.

amplitude of an overvoltage (or of a voltage).

positive switching impulse component in a phase-to-phase insulation test.
negative switching impulse component in a phase-to-phase insulation test.

truncation value of the discharge probability function P(U) of a self-restoring
insulation: P (U< Up) = 0.

equivalent positive phase-to-earth component used to represent the most
critical phase-to-phase overvoltage.

temporary overvoltage to earth at the neutral of the primary winding of a
transformer.

temporary overvoltage to earth at the neutral of the secondary winding of a
transformer.

rated voltage of the secondary winding of a transformer.

value of the 10 % discharge voltage of self-restoring insulation. This value is
the statistical withstand voltage of the insulation defined in 3.23 b) of IEC 71-1.

value of the 16 % discharge voltage of self-restoring insulation.

value of the 50 % discharge voltage of self-restoring insulation.

value of the 50 % discharge voltage of M parallel self-restoring insulations.
value of the 50 % discharge voltage of a rod-plane gap.

positive component defining the centre of a circle which describes the phase-
phase-earth slow-front overvoltages.

negative component defining the centre of a circle which describes the phase-
phase-earth slow-front overvoltages.
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Uew (kV)  co-ordination withstand voltage of equipment. [3.24 of IEC 71-1)

U, (kV) amplitude of a phase-to-earth overvoltage.

Uy (kV) truncation value of the cumulative distribution F (U,) of the phase-to-earth
overvoltages: F (U, = Uy) = 0; see annex C.3.

U, (kV) value of the phase-to-earth overvoltage having a 2 % probability of being
exceeded: F (U, 2 U,z) = 0,02; see annex C.3.

Usso (kV) 50 % value of the cumulative distribution F(U,) of the phase-to-earth
overvoltages; see annex C.3.

U (kV) amplitude of the impinging lightning overvoltage surge.

Un (kV) highest voltage for equipment. [3.10 of IEC 71-1)

U, (kV) amplitude of a phase-to-phase overvoltage.

U,z (kV) value of the phase-to-phase overvoltage having a 2 % probability of being
exceeded: F (U, 2 U,;) = 0,02; see annex C.3.

Upso (kV) 50°% value of the cumulative distribution F (U,) of the phase-to-phase
overvoltages; see annex C.3.

Us (kV) highest voltage of a system. [3.9 of IEC 71-1]

U, (kV) standard withstand voltage.

Uy (kV) lightning impulse protective level of a surge arrester. [3.21 of JEC 71-1]

U,s  (kV)  switching impulse protective level of a surge arrester. [3.21 of IEC 71-1}

Un  (kV) truncation value of the cumulative distribution F (U,) of the phase-to-phase
overvoltages: F (U, 2 Uy) = 0; see annex C.3.

U, (kV) amplitude of the representative overvoltage. {3.19 of IEC 71-1]

Uw (kV) required withstand voltage. [3.27 of IEC 71-1]

Uri (kV) overvoltage applied at the primary winding of a transformer which produces (by
transference) an overvoltage on the secondary winding.

Ur. (kV) overvoltage at the secondary winding of a transformer produced (by
transference) by an overvoltage applied on the primary winding.

u (p.u.) per unit value of the amplitude of an overvoltage (or of a voltage) referred to
Us V2/\3.

v () ratio of transformer secondary to primary phase-to-phase voltage.

X (m) distance between struck point of lightning and substation.

X, (km) limit overhead line distance within which lightning events have to be
considered.

Xt (km) overhead line length to be used in simplified lightning overvoltage calculations.

Xo  (Q) zero sequence reactance of a system.

Xy (Q) positive sequence reactance of a system.

X2 Q) negative sequence reactance of a system.

X (-) normalized variable in a discharge probability function P(U) of a self-restoring
insulation.

Xy () normalized variable in a discharge probability function P(U) of M parallel self-
restoring insulations.

V4 (kV) conventional deviation of the discharge probability function P(U) of a self-
restoring insulation.

2y Q) zero sequence impedance.



71-2 © IEC: 1996 -21-—-

Z Q) positive sequence impedance.

Z; () negative sequence impedance.

Z, (Q) surge impedance of the overhead line earth wire.
Z (R2) surge impedance of the overhead lins.

Zuw (kV) conventional devlation of the discharge probability function P(U) of M parallel
self-restoring insulations.

Z, (Q) surge impedance of the substation phase conductor.
z (-) normalized value of the conventional devlation Z referred to Uso.

] ) ratio of the negative switching impulse component to the sum of both
components (negative + positive) of a phase-to-phase overvoltage.

B (kV) scale parameter of a Welbull cumulative function.

d (kV) truncation value of a Weibull cumulative function.

@ Gaussian integral function.

[} () inclination angle of a phase-to-phase insulation characteristic.

Y (-) shape parameter of a Weibull-3 cumulative function.

a (p.u.) per unit value of the conventlonal deviation (S, or S;) of an overvoltage

distribution.
p (Qm) soil resistivity.

(us) tall time constant of a lightning overvoltage due to back-flashovers on
overhead lines.

2 Representative voltage stresses in service

2.1 Origin and classification of voltage stresses

In IEC 71-1 the voltage stresses are classified by suitable parameters such as the duratlon of
the power-frequency voltage or the shape of an overvoltage according to their effect on the
insulation or on the protective device. The voltage stresses within these classes have several
origins:

— continuous (power-frequency) voltages: originate from the system operation under
normal operating conditions;

— temporary overvoltages: they can orlginate from faults, switching operations such as load
rejection, resonance conditlons, non-linearities (ferroresonances) or by a combination of
these;

- slow-front overvoltages: they can originate from faults, switching operations or direct
lightning strokes to the conductors of overhead lines;

— fast-front overvoltages: they can orlginate from switching operatlons, lightning strokes or
faults;

— very-fast-front overvoltages: they can originate from faults or switching operations In gas-
Insulated substations (GIS);

— combined overvoltages: they may have any origin mentioned above. They occur between
the phases of a system (phase-to-phase), or on the same phase between separated parts
of a system (longitudinal).

Ali the preceding overvoltage stresses except combined overvoltages are discussed as
separate items under 2.3. Combined overvoltages are discussed where approprlate within one
or more of these ltems.
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In ali classlficatlons of voltage stresses, transference through transformers should be taken
Into account (see annex E).

In general, ali classes of overvoitages may exIst in both voltage ranges | and }i. However,
experience has shown that certaln voltage classlfications are of more critical Importance in a
particular voltage range; this wilf be dealt with in this guide. In any case, it should be noted that
the best knowledge of the stresses (peak values and shapes) is obtained with detailed studies
employing adequate models for the system and for the characteristics of the overvoltage
fimlting devices.

2.2 Characteristics of overvoltage protective devices
2.2.1 General remarks
Two types of standardized protective devices are considered:

— non-linear resistor-type surge arresters with series gaps;
— metal-oxide surge arresters without gaps.

In additlon, spark gaps are taken into account as an alternative overvoltage lImiting device,
although standards are not avallable within IEC. When other types of protectlve devices are
used, thelr protection performance shall be given by the manufacturer or established by tests.
The choice among protective devices, which do not provide the same degree of protection,
depends on varlous factors, e.g. the Importance of the equipment to be protected, the
consequence of an interruption of service, etc. Their characteristics will be considered from the
point of view of Insulation co-ordination and their effects will be discussed under the clauses
dealing with the varlous overvoltage classes.

The protective devices shall be designed and installed to limit the magnitudes of overvoltages
against which they protect equipment so that the voltage at the protective device and the
connecting leads during its operation do not exceed an acceptable value. A primary point is
that the voltage produced across the terminals of the arrester at any moment prior to and
during its operation must be considered in the determinatlon of the protection characteristics.

2.2.2 Non-linear resistor-type surge arresters with series gaps

Where the surge arrester comprises a silicon carbide non-linear resistor with series gap, the
characteristics are glven in IEC 99-1. However, where the arrester consists of a metal-oxide
non-linear resistor with series gap, the characteristics may differ from those given In IEC 99-1.
The selection of arresters will be dealt with in IEC 99-5.

2.2.2.1 Protection characteristics related to fast-front overvoitages

The protectlon characteristics of a surge arrester are described by the following voltages (see
table 8 of iEC 99-1):

— the sparkover voltage for a standard full lightning Impulse;

— the residual voltage at the selected nominal discharge current;

— the front-of-wave sparkover voltage.



71-2 © IEC: 1996 -25-

The lightning impulse protective level is taken as the highest of the following values:

maximum sparkover voltage with 1,2/50 s impulse;
maximum residual voltage at the selected nominal discharge current.

This evaluation of the protective level gives a value representing a generally acceptable
approximation. For more information on wave-front protection by surge arresters, reference
should be made to IEC 99-1.

NOTE - Traditlonally, the front-of-wave sparkover voltage dlvided by 1,15 was included in the determination of
the lightning impulse protective level. As the factor of 1,15 is technically justified only for oil-paper Insulation or
oil-immersed insulation like transformers, Its application to other type of equipment may result in reduced
insulation margin design. Therefore, this alternative has been omitted in the determination of the lightning
imputse protective tevel.

2.2.2.2 Protectlon characteristics related to slow-front overvoltages

The protection of a surge arrester is characterized by the sparkover voltages for the switching
impulse shapes specified in 8.3.5 of IEC 99-1.

The switching impulse protective level of a surge arrester is the maximum sparkover voltage
for these impulse shapes.

If the arrester contains active gaps the total surge arrester voltage exhibited by the surge
arrester when discharging switching surges shall be requested from the manufacturer, because
it may be higher than the sparkover voltage.

2.2.3 Metal oxide surge arresters without gaps

The definition of such surge arresters and their characteristics are given in {EC 99-4.

2.2.3.1 Protection characteristics related to fast-front overvoltages
The protection of a metal-oxide surge arrester is characterized by the following voltages:

- the residual voltage at the selected nominal discharge current;
— the residual voltage at steep current impulse.

The lightning impulse protective level is taken for insulation co-ordination purposes as the
maximum residual voltage at the selected nominal discharge current.

2.2.3.2 Protection characteristics related to slow front overvoltages

The protection is characterized by the residual voltage at the specified switching impulse
currents.

The switching impulse protective level is taken for insulation co-ordination purposes as the
maximum residual voltage at the specified switching impulse currents.

The evaluation of protective levels gives a value representing a generally acceptable
approximation. For a better definition of the protection performance of metal-oxide arresters,
reference should be made to IEC 99-4.
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2.2.4 Spark gaps

The spark gap is a surge protective device which consists of an open air gap between the
terminals of the protected equipment. Although spark gaps are usually not applied in systems
with Up, equal to or higher than 123 kV, they have proved satisfactory in practice in some
countries with moderate lightning activity on systems operating at voltages up to 420 kV. The
adjustment of the gap settings is often a compromise between absolute protection and
consequences of spark gap operation.

The protection against overvoltages is characterized by the voltage-time characteristic of the
gap for the various voltage shapes, the sparkover voltage dispersion and its polarity
dependence. As no standard exists, these characteristics shall be requested from the
manufacturer or established by the user on the basis of his own specifications.

NOTE - The fast voltage collapse and possible cc 1ces on the Ir
into account as an overvoltage characterlstic.

of windings have to be taken

2.3 Representative voltages and overvoltages
2.3.1 Continuous {power-frequency) voltages

Under normal operating conditions, the power-frequency voltage can be expected to vary
somewhat in magnitude and to differ from one point of the system to another. For purposes of
insulation design and co-ordination, the representative continuous power-frequency voltage
shaft, however, be considered as constant and equal to the highest system voltage. in practice,
up to 72,5 kV, the highest system voltage U, may be substantially lower than the highest
voltage for equipment Uy, while, with the increase of the voltage, both values tend to become
equal.

2.3.2 Temporary overvoltages

Temporary overvoltages are characterized by their amplitudes, their voltage shape and their
duration. All parameters depend on the origin of the overvoitages, and amplitludes and shapes
may even vary during the overvoltage duration.

For insulation co-ordination purposes, the representative temporary overvoltage is considered
to have the shape of the standard short duration (1 min) power-frequency voltage. Its amplitude
may be defined by one value (the assumed maximum), a set of peak values, or a complete
statistical distribution of peak values. The selected amplitude of the representative temporary
overvoltage shall take into account:

- the amplitude and duration of the actual overvoltage in service;

~ the amplitude/duration power frequency withstand characteristic of the insulation
considered.

If the latter characteristic is not known, as a simplification the amplitude may be taken as equal
to the actual maximum overvoltage having an actual duration of less than 1 min in service, and
the duration may be taken as 1 min.

In particular cases, a statistical co-ordination procedure may be adopted describing the
representative overvoltage by an amplitude/duration distribution frequency of the temporary
overvoltages expected in service (see 3.3.1).

2.3.2.1 Earth faults

A phase-to-earth fault may result in phase-to-earth overvoitages affecting the two other
phases. Temporary overvoltages hetween phases or across longitudinal insulation normaliy do
not arise. The overvoltage shape is a power-frequency voltage.
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The overvoltage amplitudes depend on the system neutral earthing and the fault locatlon.
Guidance for thelr determination is given in annex B. In normal system configurations, the
representative overvoitage amplitude should be assumed equal to Its maximum value.
Abnormal system configurations, e.g. system parts with unearthed neutrals in a normally
earthed neutral system, should be dealt with separately, taking into account thelr probability of
occurrence simultaneously with earth faults.

The duration of the overvoltage corresponds to the duration of the fault (untll fault clearing). in
earthed neutral systems it is generally less than 1 s. In resonant earthed neutral systems with
fault clearing it is generally iess than 10 s. in systems without earth-fauit clearing the duration
may be several hours. In such cases, It may be necessary to define the continuous power-
frequency voltage as the value of temporary overvoltage during earth fault.

NOTE - Attention is drawn to the fact that the highest voltege at power-frequency which may appear on a sound
phase during the occurrence of an earth fault dapends not only on the earth-fault factor but aiso on the value of
the operating voltaga at the time of the fauit which can be generally taken as the highest system voitage Us.

2.3.2.2 Load rejection

Phase-to-earth and longitudinal temporary overvoltages due to load rejection depend on the
rejected load, on the system layout after disconnection and on the characteristics of the
sources (short-circuit power at the station, speed and voltage regulation of the generators,
etc.).

The three phase-to-earth voltage rises are identical and, therefore, the same relative
overvoltages occur phase-to-earth and phase-to-phase. These rises may be especially
important in the case of load rejection at the remote end of a long line (Ferranti effect) and they
mainly affect the apparatus at the station connected on the source side of the remote open
clrcuit-breaker.

The longitudinal temporary overvoltages depend on the degree of phase angle difference after
network separation, the worst possible sltuation being a phase opposition.

NOTE - From the polint of view of overvoltages, a dlistinction should be made between varlous types of system
layouts. As les, the following ext cases may be considered:

- systems with relatively short lines and high values of the short-circuit power at the terminal statlons, where
low overvoltages occur;

— systems with long lines and low vaiues of the short-circuit power at the generating site. which are usual in
the extra-high voltage range at thair initial stage, and on which very high overvoltages may arise If a large load
is suddenly disconnected.

In analysing temporary overvoltages, it is recommended that consideration be given to the
following (where the 1,0 p.u. reference voltage equals: 2 U,/ﬁ ):

— in moderately extended systems, a full load rejection can give rise to phase-to-earth
overvoltages with amplitude usually below 1,2 p.u. The overvoitage duration depends on the
operation of voltage-control equipment and may be up to severat minutes;

— in extended systems, after a fuil load rejection, the phase-to-earth overvoltages may
reach 1,5 p.u. or even more when Ferranti or resonance effects occur. Their duration may
be in the order of some seconds;

— if only static loads are on the rejected side, the longitudinal temporary overvoltage is
normally equal to the phase-to-earth overvoltage. In systems with motors or generators on
the rejected side, a network separation can give rise to a longitudinal temporary overvoltage
composed of two phase-to-earth overvoltage components in phase opposition, whose
maximum amplitude is normally below 2,5p.u. (greater values can be observed for
exceptional cases such as very extended high-voltage systems).
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2.3.2.3 Resonance and ferroresonance

Temporary overvoltages due to these causes generally arise when circuits with large capacitive
elements (lines, cables, series compensated lines) and inductive elements (transformers, shunt
reactors) having non-linear magnetizing characteristics are energized, or as a resuit of load
rejections.

Temporary overvoltages due to resonance phenomena can reach extremely high values. They
shall be prevented or limited by measures recommended in 2.3.2.6. They shall therefore not
normally be considered as the basls for the selection of the surge arrester rated voltage or for
the Insulation design unless these remedial measures are not sufficient (see 2.3.2.7).

2.3.2.4 Longitudinal overvoltages during synchronization

The representative longitudinal temporary overvoltages are derived from the expected
overvoltage in service which has an amplitude equal to twice the phase-to-earth operating
voltage and a duration of several seconds to some minutes.

Furthermore, when synchronlzatlon is frequent, the probability of occurrence of an earth fault
and consequent overvoltage shall be considered. In such cases the representative overvoltage
amplitudes are the sum of the assumed maximum earth-fault overvoltage on one terminal and
the continuous operating voltage in phase opposition on the other.

2.3.2.5 Combinations of temporary overvoltage origins

Temporary overvoltages of different origin shall be treated as combined only after careful
examination of their probabllity of simultaneous occurrence. Such combinations may lead to
higher arrester ratings with the consequence of higher protection and insulation levels; this is
technicaily and economically justified only if this probability of simultaneous occurrence is
sufficiently high.

2.3.2.5.1 Earth fault with load refection

The combinatlon earth fault with foad rejection can exist when, during a fault on the line, the
load side breaker opens first and the disconnected load causes a load rejection overvoltage in
the still faulted part of the system until the supply side clrcuit-breaker opens.

The combination. earth fault with load rejection can also exist when a large load is switched off
and the temporary overvoltage due to this causes a subsequent earth fauit on the remaining
system. The probability of such an event, however, is small, when the overvoltages due to the
change of load are themselves small and a subsequent fault is only llkely to occur in extreme
conditlons such as in heavy pollution.

The combination can further occur as a result of a line fault followed by failure of a circuit-
breaker to open. The probability of such a combination, although small, is not negligible since
these events are not statistically independent. Such an occurrence, which results in a
generator connected through a transformer to a faulted long line, can result in significant
overvoltage on the healthy phases. The overvoltage conslists of a slow-front transient and a
prolonged variable temporary overvoltage which is a function of generator characteristics and
governor-voltage regulator actions.
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If such combinations are considered probable, system studies are recommended. Without such
studies, one may be led to believe that it is necessary to combine these overvoltages, but this
is considered too pessimistic for the following reasons:

— the earth-fault factor changes when it is related to the load rejection overvoltage,

- the system configuration has changed after the load change. For example, the earth-fault
factor at generator transformers with earthed neutral is less than 1 after being disconnected
from the system;

—~ for system transformers the loss of full rated load is not usual.

2.3.2.5.2 Other combinations

As resonance phenomena should be avoided, their combination with other origins should only
be considered as an additional result of these resonances. In some systems, however, it is not
readily possible to avoid resonance phenomena, and, for such systems, it is important to carry
out detailed studies.

2.3.2.6 Limitation of temporary overvoltages

2.3.2.6.1 Earth-fault overvoltages

Earth-fault overvoltages depend on the system parameters and can only be controlled by
selecting these parameters during the system design. The overvoltage amplitudes are normally
less severe in earthed neutral systems. However, an exceptlon exists in earthed neutral
systems, a part of which in unusual situations can become separated with unearthed
transformer neutrals. In such a situation, the duration of the high overvoltages due to earth
faults in the separated part can be controlled by fast earthing at these neutrals, by switches or
by specially selected neutral surge arresters, which short-circuit the neutral after failing.

2.3.2.6.2 Sudden changes of load

These overvoltages can be controlled by shunt reactors, series capacitors or static
compensators.

2.3.2.6.3 Resonance and ferroresonance

These overvoltages should be limited by de-tuning the system from the resonance frequency,
by changing the system configuration, or by damping resistors.

2.3.2.7 Surge arrester protection against temporary overvoltages

Usually the selection of the rated voltage of the surge arrester is based upon the envelope of
the temporary overvoltage expected, taking into account the energy dissipation capability of the
surge arrester. In general, matching the surge arrester rating with the temporary overvoltage
stress is more critical in range {l where the margins are lower than in range |. Usually, the
energy capability of the surge arrester under temporary overvoltage stress is expressed as an
amplitude/duration characteristic furnished by the manufacturer.
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For practical purposes, surge arresters do not limit temporary overvoltages. An exception is
given for temporary overvoltages due to resonance effects, for which surge arresters may be
applied to limlt or even to prevent such overvoltages. For such an applicatlon, careful studies
on the thermal stresses imposed on the surge arresters should be performed to avoid their
overloading.

2.3.3 Slow-front overvoltages

Slow-front overvoltages have front durations of some tens to some thousands of microseconds
and tail durations in the same order of magnitude, and are oscillatory by nature. They generally
arlse from:

- line energization and re-energization,

- faults and fault clearing;

- load rejections;

- switching of capacitive or inductive currents;

- distant fightning strokes to the conductor of overhead lines.

The representative voltage stress is characterized by:

~ arepresentative voltage shape;

~ a representative amplitude which can be either an assumed maximum overvoltage or a
probability distribution of the overvoltage amplitudes.

The representative voitage shape is the standard switching impulse (time to peak 250 ys, and
time to half-value on the tail 2500 ps). The representative amplitude is the amplitude of the
overvoltage considered independently from its actual time to peak. However, in some systems
in range il, overvoltages with very long fronts may occur and the representative amplitude may
be derived by taking into account the influence of the front duration upon the dielectric strength
of the insulation.

The probability distribution of the overvoltages without surge arrester operation is characterized
by its 2 % value, its deviation and its truncation value. Although not perfectly valid, the
probability distribution can be approximated by a Gaussian distribution between the 50 % value
and the truncation value above which no values are assumed to exist. Alternatively, a modified
Weibull distribution may be used (see annex C).

The assumed maximum value of the representative overvoltage is equal to the truncation value
of the overvoltages (see 2.3.3.1 to 2.3.3.6) or equal to the switching impulse protective level of
the surge arrester (see 2.3.3.7), whichever is the lower value.

2.3.3.1 Overvoltages due to line energization and re-energlzation

A three-phase line energization or re-energization produces switching overvoltages on all three
phases of the line. Therefore, each switching operation produces three phase-to-earth and,
correspondingly, three phase-to-phase overvoltages [1]" .

In the evaluation of the overvoltages for practical application, several simplifications have been
introduced. Concerning the number of overvoltages per switching operation, two methods are
in use.

° Figures In square brackets refer to the bibliography given in annex J.
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- Phase-peak method: from each switching operation the highest peak value of the
overvoltage on each phase-to-earth or between each combination of phases is included in
the overvoltage probability distribution, i.e. each operation contributes three peak values to
the representative overvoltage probability distribution. This distribution then has to be
assumed to be equal for each of the three Insulations Involved in each part of insulation,
phase-to-earth, phase-to-phase or longitudinal.

— Case-peak method: from each switching operation the highest peak value of the
overvoltages of all three phases to earth or between all three phases is included in the
overvoltage probability distribution, l.e. each operation contributes one value to the
representative overvoltage distribution. This distribution is then applicable to one insulation
within each type.

The overvoltage amplitudes due to line energization depend on several factors including type of
circuit-breaker (closing resistor or not), nature and short-circuit power of the busbar from which
the line is energized, the nature of the compensation used and the length of the energized line,
type of the line termination (open, transformer, surge arrester), etc.

Three-phase re-energizations may generate high slow-front overvoltages due to trapped
charges on the re-energized line. At the time of the re-energization, the amplitude of the
overvoltage remaining on the line (due to the trapped charge) may be as high as the temporary
overvoltage peak. The discharge of this trapped charge depends on the equipment remaining
connected to the line, on insulator surface conductivity, or on conductor corona conditions, and
on the re-closing time.

in normal systems single-phase re-energization (re-closing) does not generate overvoltages
higher than those from energization. However, for lines in which resonance or Ferranti effects
may be significant, single-phase re-closing may result in higher overvoltages than three-phase
energization.

The correct probability distribution of the overvoltage amplitudes can be obtained only from
careful simulation of switching operations by digital computation, transient analysers, etc., and
typical values such as shown in figure 1 should be considered only as a rough guide. All
considerations relate to the overvoltages at the open end of the line (receiving end). The
overvoltages at the sending end may be substantially smaller than those at the open end. For
reasons given in annex D, figure 1 may be used for both the phase-peak and case-peak
methods.

2.3.3.1.1 Phase-to-earth overvoitages

A procedure for the estimation of the probability distribution of the representative overvoltages
is given in annex D.

As a rough guide, figure 1 shows the range of the 2 % overvoltage values (in p.u. of v2 Ug/v3)
which may be expected between phase and earth without limitation by surge arresters [5]. The
data in figure 1 are based on a number of field results and studies and include the effects of
most of the factors determining the overvoltages.

Figure 1 should be used as an indication of whether or not the overvoltages for a given
situation can be high enough to cause a problem. If so, the range of values indicates to what
extent the overvoltages can be limited. For this purpose, detailed studies would be required.
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Figure 1 - Range of 2 % slow-front overvoltages at the recelving end due
to line energlzation and re-energlzation

2.3.3.1.2 Phase-to-phase overvoltages

In the evaluation of the phase-to-phase overvoitages, an additional parameter needs to be
added. As the Insulation is sensitive to the subdivision of a given phase-to-phase overvoltage
value into two phase-to-earth components, the selection of a specific instant shall take into
account the insulation characteristics. Two instants have been selected {1]:

a) instant of phase-to-phase overvoitage peak: this instant gives the highest phase-to-
phase overvoltage value. It represents the highest stress for all insulation configurations, for
which the dielectric strength between phases is not sensitive to the subdivision into
components. Typical examples are the insulation between windings or short air clearances;

b) phase-to-phase overvoltage at the instant of the phase-to-earth overvoltage peak:
although this instant gives lower overvoltage values than the instant of the phase-to-phase
overvoltage peak, it may be more severe for insulation configurations for which the dielectric
strength between phases is influenced by the subdivision into components. Typical
examples are large-air clearances for which the instant of the positive phase-to-earth peak
is most severe, or gas-insulated substations (three-phase enclosed) for which the negative
peak is most severe.

The statistical characteristics of the phase-to-phase overvoltages and the relations between
the values belonging to the two instants are described in annex D. It is concluded that for all
insulation types except for air clearances in range !l, the representative overvoltage between
phases is equal to the phase-to-phase overvoltage peak. For air clearances in range If, and
more particularly for system voltages equal to or greater than 500 kV, the representative
phase-to-phase overvoltage should be determined from the overvoltage peaks phase-to-earth
and phase-to-phase as described in annex D.

The 2 % phase-to-phase overvoltage value can approximately be determined from the phase-
to-earth overvollage. Figure 2 shows the range of possible ratios between the 2 % values
phase-to-phase and phase-to-earth. The upper limit of this range applies to fast three-phase
re-energization overvoltages, the lower limit to three-phase energization overvoltages.




71-2 © IEC: 1996 -41 -

el ‘ . )
1,0 2,0 3,0 4,0
.
_ Uea(u)
IEC 102096

NOTE - The upper part of the indicated range may be applled to three-phase re-energization, the lower part to
energization.

Figure 2 - Ratio between the 2 % values of slow-front overvoltages
phase-to-phase and phase-to-earth

2.3.3.1.3 Longitudinal overvoltages

Longitudinal overvoltages between the terminals during energlzation or re-energization are
composed of the continuous operating voltage at one terminal and the switching overvoltage at
the other. In synchronized systems, the highest switching overvoltage peak and the operating
voltage have the same polarity and the longitudinal insulation has a lower overvoltage than the
phase-to-earth insulation.

The longitudinal insulation between non-synchronous systems, however, can be subjected to
energization overvoltages at one terminal and the normal operating voltage peak of opposite
polarity at the other.

For the slow-front overvoltage component, the same principles as for the phase-to-earth
insulations apply.

2.3.3.1.4 Assumed maximum overvoltages

If no protection by surge arresters is applied, the assumed maxImum energization or re-
energization overvoltage is:

— for the phase-to-earth overvoltage: the truncation value Uy ;

- for the phase-to-phase overvoltage: the truncatlon value Uy, or, for the external Insulation
In range I, the value determined according to annex D, both subdivided Into two equal
components with opposite polarities;

— for the longitudinal overvoltage: Ihe truncation value U, of the phase-to-earth overvoltage
due to energization at one terminal, and the opposite polarity peak of the normal operating
voltage at the other terminal.

This definition of the maximum longitudinal overvoltage assumes that power frequencies are
synchronized (via a parallel path) at both terminals so that the longitudinal overvoltages due to
re-energization need not be considered separately (because the effect of any trapped charge Is
taken into account by this assumption).
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2.3.3.2 Fault and fault-clearing overvoltages

Slow-front overvoltages are generated at fault-initiation and fault-clearing by the change in
voltage from operating voltage to temporary overvoltage on the healthy phases and the return
from a value close to zero back to the operating voltage on the faulted phase. Both origins
cause only overvoltages between phase and earth. The overvoitages between phases can be
neglected. Conservative estimates for the assumed maximum value of the representative
overvoltage U, are as follows :

- fault initiation Ug=(2k-1)U, y2/J3 (kV crest)

~ fault clearing’ (kV crest)

where k is the earth-fault factor.

In range |, overvoltages caused by earth fauits shall be considered for systems with isolated or
resonant earthed transformer neutrals in which the earth-fault factor is approximately equal

to V3. For these systems the insulation co-ordination can be based on the assumed maximum
overvoltage and the probability of their amplitudes needs no consideration.

In range Il, when the overvolitages due to line energization or re-energization are controlled to
values below 2 p.u., fault and fault clearing overvoltages require careful examination if they are
not controlled to the same degree.

2.3.3.3 Overvoltages due to load rejection

Slow-front overvoltages due to load rejection are only of importance in systems of range Il in
which the energization and re-energization overvoltages are controlled to values below 2 p.u. In
these cases, they need examination, especially when generator transformers or long
transmission lines are involved.

2.3.3.4 Overvoltages due to switching of inductive and capacitive currents

The switching of inductive or capacitive currents can give rise to overvoltages, which may require
attention. In particular, the following switching operations should be taken into consideration:

~— interruption of the starting currents of motors;

~ Interruption of inductive currents, e.g. when interrupting the magnetizing current of a
transformer or when switching off a shunt reactor [6];

- switching and operation of arc furnaces and their transformers, which may lead to current
chopping;

~ switching of unloaded cables and of capacitor banks;
— interruption of currents by high-voltage fuses.

Restrikes of circuit-breakers occurring while interrupting capacitive currents (switching off
unloaded lines, cables or capacitor banks) may generate particularly dangerous overvoltages
and the use of restrike-free breakers is necessary. Furthermore, when energizing capacitor
banks, in particular ungrounded banks, care should be taken to assess the phase-to-phase
overvollages (see also 2.3.4.3).

2.3.3.5 Slow-front lightning overvoltages

In systems with long lines (longer than 100 km), slow-front lightning overvoltages originate from
distant lightning strokes to the phase conductor, when the lightning current is sufficiently small
so as not to cause a flashover of the line insulation and when the strike occurs at a sufficient
distance from the considered location to produce a slow-front.
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As lightning currents have times to half-value rarely exceeding 200 ps, overvoltages with high
amplitudes and times-to-crest critical for the insulation do not occur. Slow-front lightning
overvoltages, therefore, are of minor importance for insulation co-ordination and are usually
neglected.

2.3.3.6 Limitation of slow-front overvoitages

The most commonly used method of limiting line switching overvoltages is by the use of closing
resistors on line breakers. Other means, like point-on-wave control and varistors across
interrupting chambers, can also be used to limit overvoltages due to line energization and
inductive or capacitive switching.

Inductive voltage transformers connected to the line terminals effectively reduce the charges
trapped on the phases of the line after opening. The slow front overvoitages due to a
subsequent three-phase re-energization are thus limited to the level of simple line energization.

2.3.3.7 Surge arrester protection against slow-front overvoltages

Metal-oxide arresters without gaps and specially designed gapped arresters are suitable to
protect against slow-front overvoltages in systems with moderale temporary overvoltages,
whereas non-linear resistor type arresters operate for slow-front overvoltages only in extreme
cases due to the sparkover characteristics of the series gap. It should be noted that when the
arresters are installed at the ends of long transmission lines for the purpose of limiting slow-
front overvoltages, the overvoltages in the middle of the line may be substantially higher than at
the line ends.

As a general rule it can be assumed that metal-oxide arresters limit the phase-to-earth
overvoltage amplitudes (kV peak) to approximately twice the arrester rated voltage (kV r.m.s).
This means that metal-oxide surge arresters are suitable for limlting slow-front overvoltages
due to line energization and re-energization and switching of inductive and capacitive currents,
but not, in general, overvoltages caused by earth faults and fault clearing, as the expected
amplitudes of the latter are too low (exception may be made in the case of fauits occurring on
series-compensaled lines).

Overvoltages originating from line energization and re-energization give currents less than
about 0,5 — 2 kA through the arresters. in this current range the knowledge of Ihe exact current
amplitude is not so important owing to the extreme non-linearity of the metal-oxide material.
The slight dependence on current front times which the metal-oxide surge arresters exhibit is
also negligible for slow-front overvoltages and can be neglected. Furlhermore, it is not
necessary to take separation effects into account within substations. Distant overhead line
insulation, however, may be stressed by overvoltages substantially higher than the protective
level.

Surge arresters are usually installed phase-to-earth and it should be observed that, if metal-
oxide arresters are used to limit slow-front overvoltages to a level lower than 70 % of the 2 %
value of the uncontrolled overvoltage phase-to-earth, the phase-to-phase overvoltages may
reach about twice the phase-to-earth protective level of the arrester. The phase-to-phase
overvoltage will then consist of two phase-to-earth components with the most frequent
subdivislon 1:1 [7]. See also 3.3.3.1.
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The assumed maximum value of the representative phase-to-earth overvoltage is equal to the
protective level of the surge arrester: Uy, = Up;.

For the phase-to-phase overvoltages it is twice the protective level or the truncation value of
the phase-to-phase overvoltages determined in annex D, whichever is the smaller value. if
lower phase-to-phase overvoltages are required, additional arresters between phases should
be Installed.

In all cases, the application of surge arresters to control slow-front overvoltages shall take into
account the required duty cycle and energy dissipation requirements in choosing the
appropriate surge arrester class.

2.3.4 Fast-front overvoltages
2.3.4.1 Lightning overvolitages affecting overhead lines

Lightning overvoltages are caused by direct strokes to the phase conductors or by back-
flashovers, or are induced by lightning strokes to earth close to the line. Induced lightning
surges generally cause overvoltages below 400 kV on the overhead line and are, therefore, of
importance only for systems in the lower system voltage range. Owing to the high Insulation
withstand, back-flashovers are less probable in range Il than in range | and are rare on
systems at 500 kV and above.

The representative shape of the lightning overvoltage is the standard lightning impulse
(1.2/50 ps). The representative amplitude is either given as an assumed maximum or by a
probability distribution of peak values usually given as the peak value dependent on the
overvoltage return rate.

2.3.4.2 Lightning overvoltages affecting substations
The lightning overvoltages in substations and their rates of occurrence depend on:

~ the lightning performance of the overhead lines connected to it;
~ the substation layout, size and in particular the number of lines connected to it;
~ the instantaneous value of the operating voltage (at the moment of the stroke).

The severity of lightning overvoltages for the substation equipment is determined from the
combination of these three factors and several steps are necessary to assure adequate
protection. The amplitudes of the overvoltages (without limitation by surge arrester) are usually
too high to base insulation co-ordination on these values. In some cases, however, in particular
with cable connected substations, the self-protection provided by the low surge impedance of
the cables may reduce the amplitudes of the lightning overvoltages to suitably low values (see
annex F).

For the phase-to-phase and the longitudinal insulation the instantaneous power frequency
voltage value on the opposite terminals must be considered. For the phase-to-phase insulation
It can be assumed that the effects of power-frequency voltage and coupling between the
overhead line conductors cancel each other and the opposite terminal can be considered as
earthed. For the longliudinal Insulatlon, however, such cancelling effects do not exlIst and the
power-frequency voltage must be taken into account.
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2.3.4.2.1 Direct strokes

Shielding penetrations occur at a random point on the power-frequency wave. The effect of the
power-frequency at the opposite terminal of a longitudinal insulation has to be taken into
account by:

— calculating the lighting overvoitage return rates for different instantaneous values of the
operating voltage;

— evaluating the insulation failure probability for the various subdivisions into components.
Usually the sum of the two components is the decisive parameter;

— determining the insulation failure rate dependent on the sum of the iightning overvoltage
and of the Instantaneous value of power-frequency;

— applying the performance criterion to thls expected failure rate to obtain the necessary
sum of the two components.

If this sum is subdivided into a lightning impulse component equai to the representative
lightning overvoltage phase-to-earth and a power-frequency component, the power-frequency
voltage component will be smaller than the operating voltage phase-to-earth peak. It has been
found that a factor of 0,7 may be considered suitabie. This means that, for shielding
penetration, the longitudinal representative overvoltage should be composed of the
representative lightning overvoltage to earth at one terminal and 0,7 times the operating
voltage phase-to-earth peak with opposite polarity at the other.

2.3.4.2.2 Back flashovers

Back flashovers are most likely to occur on the phase which has the highest instantaneous
power-frequency voltage value of opposite polarity. This means that, for substations, the
representative longitudinal lightning overvoltage shall be equal to the sum of the representative
lightning overvoitage to earth at one terminal and of the operating voltage peak at the other
(opposite polarity).

2.3.4.3 Overvoltages due to switching operations and faults

Fast-front switching overvoltages occur when equipment is connected to or disconnected from
the system via short connections mainly within substations. Fast-front overvoltages can also
occur when external insulation flashes over. Such events can cause particularly severe
stresses on nearby internal insulation (such as windings).

Although in general osclllatory, for insulation co-ordination purposes the representative
overvoltage shape can be considered to correspond to the standard lightning impulse
(1,2/50 ps). However, special attention should be paid to equipment with windings because of
high inter-turn stresses.

The maximum peak overvoitages depend on type and behaviour of the switching equipment.
As the overvoltage peak vaiues are usually smaller than those caused by lightning, their
importance is restricted to special cases. It is, therefore, technically justified to characterize the
ampiitude of the representative overvoltage by the maximum following values (in p.u. of

\/E Us/\/§ )Z

~ circuit-breaker switching without restrike: 2 p.u.;

— circuit-breaker switching with restrike: 3 p.u.;

NOTE - When switching reactive loads, some types of medium voltage circult breakers tend to produce muitiple
transient current interruptions resulting in overvoltages up to 6 p.u. uniess appropriate protection measures are
taken.

— disconnector switching: 3 p.u.
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As simultaneous occurrence of fast-front switching overvoltages on more than one phase is
highly improbable, one can assume that phase-to-phase overvollages higher than phase-to-
earth overvoitages do not exist. For the latter, the previously defined assumed maximum
values can be used to check the Importance of such overvoltages. If they determine the
insulation lightning impulse withstand voltage, more careful investigations are recommended.

2.3.4.4 Limitation of fast-front overvoltage occurrences

Lightning overvoltage occurrences can be limited by appropriate design for the overhead lines.
Possible design measures for the limitation of lightning overvoltage occurrences are:
~ for direct lightning strokes to conductors: appropriate earth-wire shieiding design;
~ for back flashovers: reduction of the tower footing earthing impedance or addition of
insulation.

In some cases, earthed crossarms or spark gaps have been used close to substations in an
attempt to limit the amplitude of incoming lightning overvoltages. However, such measures
tend to increase the likelihood of flashovers near the station with the consequent generation of
fast-front surges. Furthermore, speciai attention should be given to shieiding and tower
earthing near the station to lower the probability of back flashovers at this location.

The severity of fast-front overvoitages generated by switching operations can be limited by the
selectlon of adequate switching equipment (restrike-free interrupters or breakers, low current
chopping characteristic, use of opening or closing resistors, point-on-wave control etc.).

2.3.4.5 Surge arrester protection against fast-front overvoltages
The protection afforded by surge arresters against fast-front overvoltages depends on:

- the amplitude and shape of the overvoltage;

—~ the protection characteristic of the surge arrester;

— the amplitude and shape of the current through the surge arrester;

— the surge impedance and/or capacitance of the protected equipment;

— the distance between arrester and protected equipment including earthing connections
(see figure 3);

— the number and surge impedance of the connected lines.

For protection against lightning overvoltages, surge arresters with the following nominal
discharge currents are generally applied:

— for systems with U, in range !: 5 kA or 10 kA;
— for systems with Uy, in range 1I: 10 kA or 20 kA.

When currents through the arrester are expected to be higher than its nominal discharge
current, it must be verified that the corresponding residual voltages still provide a suitable
overvoltage fimitation.

For the determination of the energy absorption (due to lightning) of surge arresters installed in
a substatlon, it is usuaily sufficient to assume that the representative amplitude of the
prospective iightning overvoltage reaching the substation is equal to the negative 50 %
lightning impulse withstand voltage of the overhead line. However, for the total energy
absorption, one shouid consider the possibility that a lightning flash may consist of multiple
strokes.




71-2 © IEC: 1996 -53-

The protective characteristics of a surge arrester are only valid at its location. The
corresponding overvoltage limitation at the equipment location, therefore, should account for
the separation between the two locations. The greater the separation distance of the surge
arrester from the protected equipment, the less is its protection efficient for this equipment,
and, in fact, the overvoltage applied to the equipment Increases above the protective level of
the arrester with increasing separatlon distance. Furthermore, if the effect due to the length of
the arrester is neglected in the determination of its protection characteristics, this length must
be added to the length of the connecting leads in the evaluation of the effective overvoltage
limitation. For metal-oxide arresters without gaps, the reaction time of the material itself may
be neglected and the arrester length can be added to the connectlon leads.

For simplified estimation of the representative overvoltage at the protected object, formula (1)
can be used. However, for transformer protection, formula (1) should be used with caution
since a capacitance of more than a few hundred picofarads may result in higher overvoltages.

Up=Uy+2ST for Uy, 22ST (@)
Up =2 Uy for Uy < 2ST (2)
where
Uy, is the lightning impulse protective level of the arrester (kV);
S is the steepness of the impinging surge (kV/us);
T is the travel time of the lightning surge determined as following:

T=L/lc 3)
where
c is the velocity of light (300 m/ps);
L =a+ a; + a; + a,: distances from figure 3 (m).

The values of the steepness must be selected according to the lighlning performance of the
overhead lines connected to the station and on the adopted risk of failure in the substation. A
complete treatment is given in annex F.

The probability distribution of the representative lightning overvoltage amplitude at the
substation can be determined by transient overvoltage calculations taking into account the
lightning performance of the transmission lines, the travelling wave behaviour of overhead lines
and substation and the performance of the equipment insufation and of the surge arresters
dependent on the overvoltage amplitude and shape. References are given in annex F.

As a general recommendation, the dependence of the insulation withstand on the overvoltage
shape should also be considered in the determination of the representative amplitudes. This, in
particular, applies to external insulation and to oil-paper insulation, for which the volt-time
curve of the insulation may point to representative amplitudes substantially lower than the
overvoltage peak values. For GIS or for solid insutation this difference Is negligible and the
amplitude of the representative overvoltage is equal to the overvoltage peak.

A simplified method to estimate the representative lightning overvoltage amplitude probability
distribution is given in annex F. The assumed maximum value of the representative lightning
overvoltage amplitude is either the truncation value of the probability distribution or a value
obtained from experience in existing systems. Methods for the estimation of these values are
also included in annex F.
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FEC 102:/94

a

: length of the lead connecting the surge arrester to the line

a; ! length of the lead connecting the surge arrester to earth

a, * length of the phase conductor between the surge arrester and the protected equipment
a4 : length of the active part of the surge arrester

Z,

U :Impinging overvoltage surge.

; earthing Impedance

Figure 3 ~ Dlagram for surge arrester connection to the protected object

2.3.5 Very-fast-front overvoltages

Very-fast-front overvoltages originate from disconnector operations or faults within GIS due to
the fast breakdown of the gas gap and the nearly undamped surge propagation within the GIS.
Thelr amplitudes are rapidly dampened on leaving the GIS, e.g. at a bushing, and their front
times are usually increased into the range of those of fast-front overvoltages. Very-fast-front
overvoltages may also occur at medium voltage dry-type transformers with short connections to
the switchgear.

The overvoltage shape is characterized by a fast increase of the voltage nearly to its peak
value resulting in a front time below 0,1 ps. For disconnector operations this front s typically
followed by an oscillation with frequencies above 1 MHz. The duration of very-fast-front
overvoltages is less than 3 ms, but may occur several times. The overvoltage amplitude
depends on the disconnector construction and on the substation configuration. A limitation of
maximum amplitudes to 2,5 p.u. can be assumed to be achievable. The overvoltages may,
however, create high locai overvoltages in directly connected transformers.

Due to faults within GIS the connected equipments (e.g. transformer) are stressed by
overvoltages. The shape and the amplilude of the overvoltage depends on the kind of
connectlon of the equipment to the GIS and the location of the fault within the GIS. The
overvoltages have amplitudes up to 1,6 times the breakdown voltages and contain frequencies
up to 20 MHz within the substation.
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On terminals of equipment connected with a short high-voltage overhead line to the GIS, the
overvoltage oscillations show frequencies in the range from 0,2 MHz to 2,0 MHz and
amplitudes up to 1,5times the flashover voltage. In thls case it is possible to protect the
equipment with surge arresters. However, the frequency content of the overvoltages may still
cause high internal stresses in transformer windings because of part-winding resonances.
Alternative protection methods proved by detailed studies may be necessary. These measures
might include changing (lowering) the frequency by installing addlitional capacltance. However,
care must be taken in this approach to ensure that the transformer resonance characteristics
are accurately known.

The representative overvoltage cannot be established because suitable standardizations are
not available at present. It is expected, however, that very-fast-front overvoltages have no
influence on the selection of rated withstand voltages.

3 Co-ordination withstand voltage

3.1 Insulation strength characteristics

In all materials, conduction is caused by the migration of charged particles. Conductors have
large numbers of relatively free electrons, which will drift in an applied electric field, while
insulants have very few free electrons. When electric stress in an insulant is Increased to a
sufficiently high level, the resistivity along a path through the insulant will change from a high
value to a value comparable to that of conductors. This change is called breakdown.

Breakdown takes place in three main stages:

— the initial ionization at a point or points;
— the growth of an ionized channel across the gap;
— the bridging of the gap and the transition to a self-sustaining discharge.

A number of factors influence the dielectric strength of the Insulation. Such factors include:

-~ the magnitude, shape, duration and polarity of the applied voitage;

— the electric field distribution in the Insulation: homogeneous or non-homogeneous electric
field, electrodes adjacent to the considered gap and their potential;

— the type of insulation: gaseous, liquid, solid or a combination of these. The impurity
content and the presence of local inhomogeneities;

— the physical state of the insulation: temperature, pressure and other amblent conditions,
mechanical stress, etc. The history of the insulation may also have an Importance;

— the deformation of the insulation under stress, chemical effects, conductor surface
effects, etc.

Breakdown in air is strongly dependent on the gap configuration and on the polarity and wave
shape of the applied voltage stress. In addition, relative atmospheric conditions affect the
breakdown strength regardless of shape and polarity of applied stress. Relationships for the
breakdown strength of air derived from laboratory measurements are referred to standard
atmospheric conditions as defined by IEC 60-1, i.e.:

temperature 20 °C;
pressure 101,3 kPa (1013 mbar);
- absolute humidity 11 g/m®.
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Laboratory measurements have also been made for non-standard conditions Including low air
density, high relative humidlty, contamination, Ice and snow, high temperatures and the
presence of combustion particles.

For outdoor insulation, the effects of humidity, rain, and surface contamination become
particularly important. IEC 60-1 also defines test procedures for external insulation in dry and
wet conditions. For metal-enclosed gas-insutated switchgear, the effect of the internal pressure
and temperature as well as local inhomogeneities and impurities play a significant role.

In liquid insulation, particle impurities, bubbles caused by chemical and physical effects or by
local discharges, can drastically reduce the insulation strength. It is important to note also that
the amount of chemical degradation of the insulation might tend to increase with time. The
same also applies in the case of solid insulation. In these cases, electric strength might also be
affected by mechanical stress.

The breakdown process is also statistical in nature and this should be taken into account. Due
to the restoring feature of self-restoring insulation, its statistical response to stresses can be
obtained by suitable tests. Therefore, self-restoring insulation is typically described by the
statistical withstand voltage corresponding to a withstand probability of 90 %. For non-self-
restoring insulation, the statistical nature of the strength cannot usually be found by testing and
the assumed withstand voltage deemed to correspond to a withstand probability of 100 % is
applied (see definition 3.23 of IEC 71-1).

Wind has an Influence on insulation design, especially in the case of overhead lines employing
free swinging insulator strings. Usually the effect is only important in selecting gap lengths on
the basls of power-frequency and switching impulse strengths.

Subctauses 3.1.1 to 3.1.4 give information on the different factors influencing the insulation
response. For more detailed information, reference can be made to the CIGRE technical
brochure {7].

3.1.1 Influence of polarity and overvoltage shapes
3.1.1.1 Influence of overvoltage polarity

In typlcal electrode geometries encountered in high-voltage applications, for the majority of
cases the energized conductor is more highly stressed than the grounded conductor. For air
insulation, if the more highly stressed electrode is positively charged, the gap breakdown
voltage will be lower than if the more highly stressed electrode is negatively charged. This is
because the propagation of ionization phenomena is more readily accomplished under positive
stress than negative stress.

Where both electrodes are approximately equally stressed, two discharge processes will be
involved, with both positive and negative characteristics. If it is clear which polarity will be more
severe for a particular insulation system and gap configuration, the design will be based on that
polarlty; otherwlse both polarities must be considered.

3.1.1.2 Influence of overvoltage shape

Under impulse stress, the breakdown voltage also in general depends on the shape of the
impulse.
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For slow-front impulses, the strength of external insulation depends more on the impulse front
than on its tail. The tail becomes especially important only in the case of contamination on the
surface of external insulation. The strength of internal insulation is assumed to be affected by
the peak value only.

For external insulation, it is typical that for each gap length there is an Impulse time-to-peak for
which the breakdown voltage is a minimum (the critical time to peak). Usually the minimum is
in the range of times-to-peak for slow-front overvoltages. The larger the gap length, the more
pronounced is the minimum. For air gaps in range 1 the effect is negligible and can be ignored.
For air clearances to be used in range il, this minimum breakdown voitage is, to all Intents and
purposes, equal to the breakdown voltage at the standard 250 ps time-to-peak. This means
that the use of the withstand voltage of the insulation at the standard voltage shape
25072500 ps results in a conservative insulation deslgn for slow-front overvottages. For some
systems in which slow-front overvoltages have fronts much longer than the standard one, the
higher insulation strength at these fronts may be advantageously utilized.

The breakdown voltage of external insulation under lightning impulse stress decreases with
increasing tail duration. For withstand voltages, this decrease is neglected and the breakdown
voltage is assumed to be equal to that under the standard lightning impulse 1,2/50 ps.
However, some reduction in the insulation structure may be achieved, for example, in open-air
substations protected by surge arresters, when the lightning overvoltage shape and its effect
on the insulation strength is taken into account.

3.1.2 Phase-to-phase and longitudinal insulatlon

The dielectric strength of phase-to-phase and longitudinal insulation slructures depends on the
relationship between the two vottage components at the two terminals. This dependence is very
important for external insulation in range Il or in three-phase metal-enclosed substations.

For external insulation in range I, the response of the insulation to phase-to-phase switching
overvoltages depends on the value of a which correlates positive and negative voltage stress
components (see annex D); tests to verify the required withstand voltage shall therefore be so
designed as to reflect this phenomenon. The representative overvoltage shape standardized In
IEC 71-1 is a combined overvoltage having two synchronous components of opposite polarity;
the positive is a standard switching impulse, while the negative is an impulse with time-to-peak
and time-to-half value not shorter than those of the positive component. For insulation affected
by the relative value of the two components, therefore, the actual overvoltage amplitude shait
be converted into the representative amplitude taking into account the insulation response
characteristics (see 2.3.3.1 and annex D where a particular example is given).

For longitudinal insulation structures, the voltage components are specified by the representative
overvoltages (see clause 2).

The values for the conventional deviation for the phase-to-earth insulation strength given in
3.1.4 may also be applied to the strength of the external phase-to-phase or the longitudinal
insulation, when the 50 % flashover voltage is taken as the sum of the components applied to
the two terminalts.

3.1.3 Influence of weather conditions on external insulation

Flashover voltages for air gaps depend on the moisture content and density of the air.
Insulation strength increases with absolute humidity up to the point where condensation forms
on the insulator surfaces. Insulation strength decreases with decreasing air density. A detailed
description of the effects of air density and absolute humidity is given in IEC 60-1 for different
types of voltage stresses.
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When determining the co-ordination withstand voltage, it should be kept in mind that most
adverse conditions from the strength point of view (i.e. low absolute humidity, low air pressure
and high temperature) do not usually occur simultaneously. In addition, at a given site, the
corrections applicable for humidity and ambient temperature variations cancel each other to ali
intents and purposes. Therefore, the estimation of the strength can usually be based on the
average ambient conditions at the location.

For insulators, the possible reduction in the withstand voltage due to snow, ice, dew or fog
should be taken into account.

3.1.4 Probability of disruptive discharge of insulation

No method is at present available for the determination of the probability of disruptive
discharge of a single piece of non-self-restoring insulation. Therefore, it is assumed that the
withstand probability changes from 0 % to 100 % at the value defining the withstand voltage.

For self-restoring insulation, the ability to withstand dielectric stresses caused by the
application of an impuise of given shape can be described in statistical terms. The methods to
be followed in the determination of the withstand probability curve are given in IEC 60-1. For a
given insulation, and for impulses of given shape and different peak values U, a discharge
probability P can be associated with every possible value U, thus establishing a refationship
P = P(U). Usually the function P is monotonically increasing with values of U. The resulting
curve can be defined by three parameters:

a) Usg: corresponding to the voltage under which the insulation has a 50 % probability to
flashover or to withstand;

b) Z: the conventional deviation which represents the scatter of flashover voitages. It is
defined as the difference between the voltages corresponding to flashover probabilities
50 % and 16 % as shown in equation (4):

2 = Uso— Uss 4)

c) Ug: the truncation voltage. The maximum voltage below which a disruptive discharge is
no longer possible. The determination of this value, however, is not possible in practical tests.

Usually the function P is given by a mathematical function (cumulative probability distribution)
which is fully described by parameters Usg, Z and U,. In the traditionaily used Gaussian
distribution, the value of Us is also the mean, and the conventional deviation is obtained
directly from equation (4). The truncation point is not often considered for the sake of
simplicity.

For application of the statistical method for insulation coordination for slow-front overvoltages,
the use of the modified Weibull cumulative probability distribution given in equation (5) has
advantages with respect to the Gaussian distribution (advantages explained in annex C).
Equation (5) represents a Weibull cumulative function with parameters chosen to match a
Gaussian cumulative probability function at the 50 % and 16 % probability of flashover and to
truncate the distribution at Usq — NZ (see annex C).

x 4
P(U)=1—0.5(1 ) 5)
where
x=(U-Us) ! Z
x being the number of conventional deviations corresponding to U, and

N being the number of conventional deviations corresponding to the truncation voltage Us
for which P(U) = 0.
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At one conventional deviation of the Gaussian probability distributlon (at x = -1) P(U) = 0,16 in
equation (5). If N=4 is chosen, then the exact value of y must be 4,83 In equation (5).
Approximating this value to y = 5 does not result in any appreciable errors so that the modified
Weibull distribution proposed in this guide is described in equation (6).

P(U)=1-o,5[” 5)5 (6)

Figure 4 illustrates this modified Weibull distribution together with the Gaussian distribution to
which it is matched. Figure 5 shows the same distributions on Gaussian probability scales.

For statistical calculations of expected performance in the field, use should be made of detailed
data obtained from field or laboratory tests. In the absence of such data the following values for
the conventional deviation derived from a large number of test results are recommended for
statistical calculations:

— for lightning impulses: Z=0,03 Usg (kV), and
— for switching impulses: Z=0,06 Usg (kV)

The influence of weather conditions (refer to 3.1.3) is included in the values of derived
deviations given above.

In IEC 71-1 the parameter U, (obtained from equation (5)) corresponding to the withstand
probability 90 % is used to describe the withstand probability distribution together with the
deviation:

Upw=Usp-132 (7)

Annex C contains detailed information and statistical formulae to be applied in the context of
many Identical insulations in parallel being simultaneously stressed.

Annex G contains guidance on the determination of the breakdown strength of air insulation
under the different classification of overvoltage.

3.2 Performance criterion

According to definition 3.22 of IEC 71-1, the performance criterion to be requlred from the
insulation in service Is the acceptable failure rate (R,).

The performance of the insulation in a system is judged on the basis of the number of
insulation failures during service. Faults in different parts of the network can have different
consequences. For example, in a meshed system a permanent line fault or an unsuccessful
reclosure due to slow-front surges is not as severe as a busbar fault or corresponding faults in
a radial nelwork. Therefore, acceptable failure rates in a network can vary from point to point
depending on the consequences of a failure at each of these points.

Examples for acceptable failure rates can be drawn from fault statistics covering the existing
systems and from design projects where statistics have been taken into account. For
apparatus, acceptable failure rates R, due to overvoltages are in the range of 0,001/year up to
0,004/year depending on the repair times. For overhead lines acceptable failure rates due to
lightning vary in the range of 0,1/100 km/year up to 20/100 km/year (the greatest number being
for distribution lines). Corresponding figures for acceptable failure rates due to switching
overvoltages lie in the range 0,01 to 0,001 per operation. Values for acceptable failure rates
should be in these orders of magnitude.
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3.3 Insulatlon co-ordination procedures

The determination of the co-ordination withstand voltages consists of determining the towest
values of the withstand voltages of the insulation meeting the performance criterion when
subjected to the representative overvoltages under service conditions.

Two methods for co-ordination of insulation to transient overvoltages are in use: a deterministic
and a statlstical method. Many of the applied procedures, however, are a mixture of both
methods. For example, some factors used in the deterministic method have been derived from
statistical considerations or some statistical variations have been neglected in statistical
methods.

Deterministic method

The deterministic method is normally applied when no statistical information obtained by testing
is available on possible failure rates of the equipment to be expected in service.

With the deterministic method,

~ when the insulation is characterized by Its conventional assumed withstand voltage
(Pw = 100 %), the withstand value is selected equal to the co-ordinatlon withstand voltage
obtained by multiplying the representative overvoltage (an assumed maximum) by a co-
ordination factor K., accounting for the effect of the uncertainties in the assumptions for the
two values (the assumed withstand voltage and the representative overvoltage);

~ when, as for external insulation, the insulation is characterized by the statistical withstand
voltage (Pw = 90 %), K. should account also for the difference between this voltage and the
assumed withstand voltage.

With this method, no reference is made to possible failure rates of the equipment in service.

Typical examples are:

- insulation co-ordination of internal insulations against slow-front overvoltages, when the
insulation is protected by surge arresters;

- surge arrester protection against lightning overvoltages for equipment connected to
overhead lines, for which experience with similar equipment is available.

Statistical method

The statistical method is based on the frequency of occurrence of a specific origin, the
overvoltage probability distribution belonging to this origin and the discharge probability of the
insulation. Alternatively, the risk of failure may be determined combining overvoltage and
discharge probability calculations simultaneously, shot by shot, taking into account the
statistical nature of overvoltages and discharge by suitable procedures, e.g. using Monte Carlo
methods.

By repeating the calculations for different types of insulations and for different states of the
network the total outage rate of the system due to the insulation failures can be obtained.

Hence, the application of the statistical insulation co-ordination gives the possibility to estimate
the failure frequency directly as a function of the selected system design factors. In principle,
even the optlmization of the insulation could be possible, if outage costs could be related to the
different types of faults. In practice, this is very difficult due to the difficulty to evaluate the
consequences of even insulation faults in different operation states of the network and due to
the uncertainty of the cost of the undelivered ensrgy. Therefore it is usually better to slightly
overdimension the insulation system rather than optimize it. The design of the insulation
system is then based on the comparison of the risks corresponding to the different alternative
designs.



71-2 ®IEC: 1996 -69-"

3.3.1 Insulation co-ordination procedures for continuous (power-frequency) voltage
and temporary overvoltage

The co-ordination withstand voltage for the continuous (power-frequency) voltage is equal to

the highest system voltage for phase-to-phase and this voltage divided by V3 for phase-to-
earth Insulations (i.e. equal to the assumed maximum value for the representative voltages
glven in 2.3.1) with a duratlon equal to the service life.

With the determinlistic method, the co-ordinatlon short-duration withstand voltage is equal to
the representative temporary overvoltage. When a statistical procedure is adopted and the
representative temporary overvoltage is given by an amplitude/duration distribution frequency
characteristic (see 2.3.2), the Insulation that meets the performance criterion shall be
determined, and the amplitude of the co-ordination withstand voltage shall be equal to that
corresponding to the duration of 1 min on the amplitude/duration withstand characterlistic of the
insulation.

3.3.1.1 Pollution

When contamination is present the response of external insulation to power-frequency voltages
becomes important and may dictate external insulation design. Flashover of insulation
generally occurs when the surface is contaminated and becomes wet due to light rain, snow,
dew or fog without a significant washing effect.

For standardization purposes, four qualitative levels of pollution are specified. Table 1 gives for
each level of pollution a description of some typical corresponding environments. Insulators
shall withstand the highest system voltage in polluted conditions continuously with an
acceptable risk of flashover. The co-ordination withstand voltages are taken equal to the
representative overvoltages and the performance criterion is satisfied choosing a sultable
withstand severity of pollution in relation to the site severity. Therefore, the long-duration
power-frequency co-ordination withstand voltage shall correspond to the highest system

voltage for phase-to-phase insulators and this value divided by V3 for phase-to-earth
Insulators.

An estimate of the pollution level for any specific area may be made according to table 1. For a
quantitative evaluation of the site pollution level by measurement, information is avallable in
IEC 815.

Different types of insulator and even diffarent orientations of the same insulator type may
accumulate pollution at different rates in the same environment. Further, for the same degree
of pollution they may exhlbit different flashover characteristics. in addition, variations in the
nature of the pollutant may make some shapes of insulator more effective than others.
Therefore, for co-ordination purposes, a pollution severity measure should be determined for
each type of insulator to be used.

In the case of sites with a high degree of pollution, greasing or washing the insulating surfaces
may be considered.

For information, table 1 includes specific creepage distances necessary to withstand the
pollution of the four classes, although these distances are more related to insulation design
than to insulation co-ordination. Furthermore, IEC 507 correlates to each pollution level of
table 1 a range of withstand pollution severities to be undertaken for artificial pollution tests. It
remains the domain of the product committees to define testing requirements to verify the
withstand of insulators under pollution conditions.
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Table 1 ~ Recommended creepage distances

Pollution Minimum nominal
level Examples of typlcal environments specific creepage
distance mm/kv !

— Areas without industries and with low density of houses equlpped
with heeting plants

~ Areas with low density of industries or houses bul subjected to
| | frequent winds and/or ralnfall

Light 2
~ Agriculture areas 16,0

~ Mountalnous areas

< All these areas shall be situated at feast 10 km to 20 km from the
sea and shall not be exposed to winds directly from the sea®

—~ Areas with industries not producing particularly poliuting smoke
and/or with average density of houses equipped with heating plants

] ~ Areas with high denslty of houses and/or industries but subjected to

Medlum frequent winds and/or ralnfall 20,0

— Areas exposed to wind from the sea but not too close to coasts (at
least several kilometres dlslanl)”

— Areas with high density of industries and suburbs of large cities
W with high density of heating plants producing pollution =5
Heavy - Areas close to the sea or in any case exposed to relatively strong '
winds from the sea®

— Areas generally of moderate extent, subjected to conductive dusts
and to industrial smoke producing particularly thick conductive deposits

- Areas generally of moderate extent, very close to the coast and
v exposed to sea-spray or to very strong and polluting winds from the sea

Very heavy 31.0

- Desert areas, characterlzed by no rain for long perlods, exposed to
strong winds carrying sand and salt, and subjected to regular
condensation

NOTE - This table should be applied only to glass or porcelaln insulation and does not cover some
environmental situations such as snow and ice In heavy pollution, heavy rain, arid areas, etc.

11 According to IEC 815, minimum creepag of i S phase and earth related to the
highest system voltage (phase-to-phase).

2} Use of fertillzers by spraying, or the burning of crop residues can lead to a higher pollution level due to
dispersal by wind.

3) Distances from sed coast depend on the topography of the coastal area and on the extreme wind
conditlons.

3.3.2 Insulation co-ordination procedures for slow-front overvoltages
3.3.2.1 Deterministic method

The deterministic method Involves determining the maximum voltage stressing the equipment
and then choosing the minimum dielectric strength of this equipment with a margin that will
cover the uncertainties inherent in the determination of these values. The co-ordination
withstand voltage is obtained by multiplying the assumed maximum value of the corresponding
representative overvoltage by the deterministic co-ordination factor Kcq.
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For equipment protected by surge arresters the assumed maximum overvoltage Is equal to the
switching impuise protective level U,, of the arrester. However, in such cases, a severe
skewing in the statistical distribution of overvoltages may take place. This skew is the more
pronounced the lower the protective level as compared to the amplitudes of the prospective
slow-front overvoltages so that small variations of the insulation withstand strength (or in the
value of the arrester protective level) can have a large impact on the risk of failure [4]. To cover
this effect, it is proposed to evaluate the determinlistic co-ordination factor K.q dependent on
the relation of the surge arrester switching impulse protective level Ups to the 2 % value of the
phase-to-earth prospective overvoltages U,,. Figure 6 establishes this dependence.

For equipment not protected by surge arresters, the assumed maximum overvoltage is equal to
the truncation value (Ug or Uy) according to 2.3.3.1 and the deterministic co-ordination factor

is Kg= 1.
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Figure 4 — Distributive discharge probabllity of self-restoring insulation
described on a linear scale
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Figure 5 - Disruptive discharge probabillity of seif-restoring insulation
described on a Gausslan scale
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a): coordination tactor applied to the surge arrester protective level to obtain the co-ordination withstand voltage
phase-to-earth (applies also to longitudinal insufation);

b): co-ordinatlon factor applied to twice the surge arrester protective level lo obtain the co-ordination withstand
voltage phase-lo-phase.

Figure 6 — Evaluation of deterministic co-ordination factor K .4

3.3.2.2 Statistical method (and corresponding risk of failure)

In applying the statistical method, it is first necessary to establish an acceptable risk of failure,
as described in 3.2, based on technical and economic analysis and service experience.

The risk of failure gives the probability of insulation faifure. The failure rate is expressed in
terms of the expected average frequency of failures of the Insulation (e.g. the number of
failures per year) as a result of events causing overvoltage stresses. To evaluate this rate, the
events giving rise to these overvoltages and their number have to be studied. Fortunately, the
types of events that are significant in insulation design are sufficiently few in number to make
the method practical.
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The statistical method recommended in this guide is based on peak value of the surges. The
frequency distribution of overvoltages between phase and earth for a particular event is
determined from the following assumptlons:

— peaks other than the highest one in the shape of any given overvoltage are disregarded;

— the shape of the highest peak is taken to be identical to that of the standard switching
impuise;

— the highest overvoltage peaks are taken to be all of the same polarlty, namely the most
severe for the insulation.

Once the frequency distribution of the overvoltages and the corresponding breakdown
probability distribution of the insulation are given, the risk of failure of the insulation between
phase and earth can be calculated as follows:

R= J' f(U)x PU)dU (8)
L]
where

flU) is the probability density of overvoltages;
P(U) is the probability of flashover of the insulation under an impulse of value U (see figure 7).

1EC 1025796

R = j'u‘ f(U) x P(U) dU
Usp.az

flU) = probability density of overvoltage occurrence described by a truncated Gaussian or a Weibull function

P(U) = discharge probability of insutation described by a modified Weibull function

Ut = truncation value of the overvoitage probability distribution

Usy - 42 = truncetion velus of the discharge probabllity distribution

Figure 7 — Evaluation of the risk of fallure

If more than one independent peak occurs, the total risk for a phase can be calculated by
taking into account the risk of fallures for ali peaks. For example, if a switching surge on a
particular phase comprises three positive peaks leading to risks of failure R,, R, and Rj, the
phase-to-earth risk of failure for the switching operation is :

R=1-(1-R)(1-R) (1~ Ry) (9)
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If the overvoltage distrlbution is based on the phase-peak method (see 2.3.3.1), and the
insulations in the three phases are the same, the total risk of failure is:

Rugtat = 1= (1 - R)’ (10)
If the case-peak method (see 2.3.3.1) is used, the total risk is: Rita = R

NOTE - If one of the overvoitage polarities Is substanlially more severe for the Insulation withstand, the risk
values may be divided by two.

The risk of failure for the phase-to-earth and the phase-to-phase insulations can be determined
separately in this simple way only if the distances between the two are large enough that the
flashover to earth and between phases is not based on the same physical event. This is valid if
the phase-to-earth and the phase-to-phase insuiations have no common electrode. If they have
a common electrode the risk of failure is usually smaller than that calculated separately [6].

For the important case of the application of the statistical method to many identical parallel
insulations, see detailed discussion in annex C.

Simplified statistical method for slow-front overvoitages

The statistical method based on the amplitudes of the surges can be simplified if it is assumed
that one can define the distributions of overvoltage and insulation strength by a point on each
of these curves. The overvoltage distribution is identified by the statistical overvoltage, which is
the overvoltage having a 2 % probability of being exceeded. The insulation strength distribution
is identified by the statistical withstand voltage, which is the voltage at which the insulation
exhibits a 90 % probability of withstand. The statistical co-ordination factor (K.) is then the
ratio of the statistical withstand voltage to the statistical overvoltage.

The correlation between the statistical co-ordination factor and the risk of failure appears to be
only slightly affected by changes in the parameters of the overvoltage distribution. This is due
to the fact that the 2 % value chosen as a reference probability of the overvoltage falls in that
part of the overvoltage distribution which gives the major contribution to the risk of failure in the
range of risk considered.

Figure B8 shows an example of the reiationship between the risk of failure and the statistical co-
ordination factor for both the phase-peak and the case-peak methods outlined in annex D,
when the Gaussian distribution is applied for the stress and the modified Weibull distribution is
applied for the strength. The curves take into account the fact that the conventional deviation is
a function of the 2 % overvoltage value as given in annex D. Extreme variations in the deviation
of the insulation strength, markedly non-Gaussian distribution of overvoltage and, most of all,
the shape of the overvoltage may cause the curve to be in error by as much as one order of
magnitude. On the other hand, the curves show that a variation of one order of magnitude in
the risk corresponds to only a 5 % variation in the electric strength.
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Overvoltageparameters: see 2.3.3.1 and annex D
Strength parameters: see 3.1.4.

Figure 8 — Risk of fallure of external Insulation for slow-front overvoltages
as a functlon of the statistical co-ordination factor K.

3.3.3 Insulation co-ordinatlon procedures for fast-front overvoltages
3.3.3.1 Deterministic method

For fast-front lightning overvoltages, a determinlstic co-ordination factor of K. = 1 is applled to
the assumed maximum value of the overvoltages. This is because for lightning, the
representative overvoltage includes probabllity effects. For fast-front switching overvoltages,
the same relations apply as for slow-front overvoltages (see 3.3.2.1).

3.3.3.2 Statistical method

The statistical method recommended in this guide Is based on the probabllity distribution of the
representative lightning overvoltages (see annex F). As the frequency distribution of
overvoitages is obtained by dividing their return rate by the total number of overvoltages and
the probabllity density fU) is the derivative of the result, the risk of failure is calculated by the
procedures already outlined in 3.3.2.2. The insulation failure rate is equal to the risk of failure
multiplied by the total number of lightning overvoltages.
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For internal Insulation the assumed withstand voltage has a withstand probabillty of 100 % (see
definltion 3.23 of IEC 71-1). The withstand probabillty at higher voltages is assumed to be 0 %.
This means that the co-ordination withstand voitage is equal to the representative lightning
overvoltage amplitude at a return rate equal to the adopted acceptable fallure rate.

NOTE - Fast front overvoitages due to lightning are evafuated without taking Into account the Instantaneous
power-frequency voltage. The combined stresses due to reversal of polarity are therefore neglected. This may

be acceptable provided the power-frequency i Is smal! pared to that of the fast-front overvoltage. It
may not be conservative for apparatus with oll paper Int ] suchas ‘mers in range il and the
higher values of Um in range |. Moreover, the internal (such as turn to turn) voltages in such apparatus due to
stresses appeering at the terminals are not strictly idered in ir i i practice d ibed in
this gulde.

For the external Insulation the conventional devlation of the discharge probability is usually
small as compared to the dispersion of overvoltages. As a simplification, it can be neglected
and the same formula as for the internal insulation applies.

4 Requlred withstand voltage

4.1 General remarks

The requlired withstand voltage to be verified in standard type test conditions and at standard
reference atmosphere is determined taking into account all factors which may decrease the
Insulatlon in service so that the co-ordination withstand voltage is met at the equipment
locatlon during the equipment life. To achieve this, two main types of correction factors shall be
considered:

- a correction factor associated with atmospheric conditions;

— correction factors (called safety factors) which take into account the differences between
the actual in-service conditions of the insulation and those in the standard withstand tests.

4.2 Atmospherlc correctlon
4.2.1 General remarks

For internal insulatlon it may be assumed that the atmospheric air conditions do not influence
the insulation properties.

The rules for the atmospheric correction of withstand voltages of the external Insulation are
speclfied in IEC 60-1. These rules are based on measurements in altitudes up to 2000 m and
thelr application to higher altitudes should be made with care. For insulation co-ordination
purposes, the following additional recommendations apply:

a) for air clearances and clean insulators, the correction shall be carried out for the co-
ordination switching and lightning impulse withstand voltages. For insulators requiring a
pollution test, a correction of the fong duration power-frequency withstand voltage is also
necessary;

b) for the determination of the applicable atmospheric correction factor, it may be assumed
that the effects of ambient temperature and humidity tend to cancel each other. Therefore,
for insulation co-ordination purposes, only the air pressure corresponding to the altitude of
the location need be taken into account for both dry and wet insulations.

NOTE - This ion can be idered as correct for insulator shapes for which rain does not reduce the
withstand voltage to a high degree. For insulators with small shed distance, for which rain causes shed-bridging,
this p is not letely true.
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4.2.2 Altitude correction 1,0 ‘\

The correction factor K, is based on the dependence of the atmospheric pressure on the \ \ \ L
altitude as given in IEC 721-2-3. The correction factor can be calculated from: \ \\ K
| c

K, =e'"[%] (11) \\ 1 N j
where ) \ a\ S N

H s the attitude above sea level (in metres) and the vaiue of m is as follows: m
m = 1,0 for co-ordination lightning impulse withstand voltages; N N \ Oy T
N
N

/

m according to figure 9 for co-ordination switching impulse withstand voltages; 0,5 \.‘

m = 1,0 for short-duration power-frequency withstand voltages of air-clearances and clean \ \
insulators.

NOTE — The exponent m depends on various paramelers luding minl discharge path which is generelly \ N
unknown at the specification stage. Hi r, for i dination purposes. the conservative estimates d \

of m shown in figure 8 may be used for the correction of co-ordInation switching impulse withstand voltages. The
determination of the m Is based on IEC 60-1 In which the given relations are obtained from \
measurements at altitudes up to 2000 m. in addition, for ali types of Insulation response, conservative gep -
factor values have been used (refer to annex G).

[~

For polluted insulators, the value of the exponent m is tentative. For the purposes of the long-
duration test and, if required, the short-duration power-frequency withstand voitage of polluted
Insulators, m may be as low as 0,5 for normal insulators and as high as 0,8 for anti-fog design.

1000 kv 2000 kv
_— =
Uew IEC 1027796
a) phase-to-earth insulation
b) longitudinal insulation
c) phase-to-phase insulation
d) rod-plane gap (reference gap)

For volteg: isting of two p ts, the voltage value is the sum of the components.

Figure 9 ~ Dependence of exponent m on the co-ordination
switching impulse withstand voltage

4.3 Safety factors
The main factors of influence and related operating modes for eiectrical insulations are
indicated in annex B of {EC 505. They correspond to the following operational stresses:

— thermal stresses;

— electrical stresses;

— environmentai stresses;

- mechanical stresses.

The factors to be applled compensate for:

- the differences in the equipment assembly;

~ the dispersion in the product quality;

- the quality of installation;

— the agelng of the Insulation during the expected fifetime;
— other unknown influences.
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The relatlve weight of these factors and operating modes may vary between different types of
equipment.

4.3.1 Ageing

The electrical Insulation of all equlpment ages in service owing to one or a combination of
thermal, electrical, chemical or mechanlcal stresses.

For Insulation co-ordination purposes, external insulations are not assumed to be subject to
ageing. Exceptions are insulations containing organic materials, the agelng of which needs
careful investigation, especlally when used In outdoor conditions.

For internat insulations, ageing can be significant and should be covered by the safety factors
given in 4.3.4.

4.3.2 Production and assembly dispersion

The rated withstand voltages are verified by a type test, often on a representative part of an
assembly or by a test relevant only for a part of the insulation system. As the equlpment in
service may differ from that in type tests due to different configurations or insulation conditions,
the service withstand voltage of the equipment can be lower than the rated value.

For equipment fully assembled in the factory, this dispersion, for insulation co-ordination
purposes, is negligibly small. For equipment assembled on site, the actual withstand voltage
may be lower than the required withstand voltage, which shall be taken into account in the
safety factors given in 4.3.4.

4.3.3 Inaccuracy of the withstand voltage

For external insulation, possible deviations of the test arrangement from the actual service
arrangement and influences of the laboratory surroundings shall be taken into account in
addition to the statistical Inaccuracy involved in the selected type test procedure. Such
deviations shall be covered by the safety factors given in 4.3.4.

For internal insulation for which a withstand probability of 100 % is assumed in 3.23 of IEC 71-1,
an impulse type test with three impulses is usually carrled out and the statistical uncertainty of
this test shall be covered by the safety factor as given in 4.3.4 (see also 5.3.2).

4.3.4 Recommended safety factors (K,)

If not specified by the relevant apparatus committees, the following safety factors should be
applied:

- forinternal insulation K, = 1,15;

— for external Insulation K = 1,05.

NOTE ~ For GIS in range I, higher safety factors may be applicable. In this case, on-site tests may be
considered,
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5 Standard withstand voltage and testing procedures

5.1 General remarks

IEC 71-1, tables 2 and 3, speclfy standard withstand voltages U, for range | and range I,
respectively. In both tables, the standard withstand voltages are grouped into standard
Insulation levels associated with standard values of highest voltage for equipment Un,.

In range |, the standard withstand voltages include the short-duration power-frequency
withstand voltage and the lightning impulse withstand voltage. In range Ii, the standard
withstand voltages include the switching impulse withstand voltage and the lightning impulse
withstand voltage.

The standard Insulation levels glven in tables 2 and 3 of IEC 71-1 reflect the experlence of the
world, taking into account modern protective devices and methods of overvoltage limitation.
The selection of a particular standard insulation level should be based on the Insulation co-
ordination procedure described in this guide and should take into account the insulation
characteristics of the particular equipment being considered.

5.1.1 Standard switching impulse withstand voltage

In IEC 71-1, table 3, standard switching impulse withstand voltages associated with a particular
highest voltage for equipment have been chosen in consideratlon of the following:

a) for equipment protected against switching overvoltages by surge arresters:
~ the expected values of temporary overvoltages;
— the characterlstics of presently available surge arresters;

— the co-ordination and safety factors between the protective level of the surge arrester
and the switching impulse withstand voltage of the equipment;

b) for equipment not protected against switching overvoltages by surge arresters:

— the acceptable risk of disruptive discharge considering the probable ranga of
overvoltages occurring at the equipment location;

- the degree of overvoltage control generally deemed economical, and obtainable by
careful selection of the switching devices and in the system design.

5.1.2 Standard lightning Impulse withstand voltage

in IEC 71-1, table 3, standard lightning impuise withstand voltages associated with a particular
standard switching impulse withstand voltage have been chosen in consideration of the
following:

a) for equipment protected by close surge arresters, the low values of lighting impulse
withstand level are applicable. They are chosen by taking into account the ratio of lightning
impulse protective level to switching impulse protective level likely to be achieved with surge
arresters, and by adding appropriate margins;

b) for equipment not protected by surge arresters (or not effectively protected), only the
higher values of lightning impulse withstand voitages shall be used. These higher values are
based on the typical ratio of the lightning and switching impulse withstand voltages of the
external insulation of apparatus (e.g. circuit-breakers, disconnectors. instrument
transformers, etc.). They are chosen in such a way that the insulation design will be
determined mainly by the ability of the external insulation to withstand the switching impulse
test voltages;
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c) In a few extreme cases, provislon should be made for a higher value of lightning impulse
withstand voltage. This higher value should be chosen from the series of standard values
givenin 4.6 and 4.7 of IEC 71-1.

In range 1, the standard short-duration power-frequency or the lightning impulse withstand
voltage should cover the required switching impulse withstand voltages phase-to-earth and
phase-to-phase as well as the requlred longitudinal withstand voltage.

In range li, the standard switching impulse withstand voltage should cover the continuous
power-frequency voltage if no value is specified by the relevant apparatus commiltee, and the
required short-duration power-frequency withstand volitage.

In order to meet these general requirements, the required withstand voltages should be
converted to those voltage shapes for which standard withstand voltages are specified using
the test conversion factors given in 5.2. The test conversion factors are determined from
existing results to provide a conservative value for the rated withstand voltages. They should,
therefore, be used only in the specified direction.

IEC 71-1 leaves it to the relevant apparatus committee to prescribe the long-duration power-
frequency test intended to demonstrate the response of the equipment with respect to ageing
of internal insulation or to external pollution (see also IEC 507).

5.2 Test conversion factors
5.2.1 Range !

If adequate factors are not available (or specified by the relevant apparatus committee),
suitable test conversion factors to be applied to the required switching impulse withstand
voltages are given in table 2. These factors apply to the required withstand voltages phase-to-
earth as well as to the sum of the components of phase-to-phase and longitudinal withstand
voltages.

Table 2 - Test converslon factors for range 1, to convert required
switching Impulses withstand voltages to short-duration
power-frequency and lightning Impulse withstand voltages

Insulation Short-duration Lightning impulse

;_)ltr:vvler-greqlll‘enc)’n withstand voltage
withstand voltage

External insulation
~ air clearances and clean insulators, dry:

—~ phase-to-earth 0,68 + Uw / 8500 1,05 + Un / 6000
- phase-lo-phase 0,6 + Un /12700 1,05 + Um / 9000
— clean insulators, wet 0.6 1.3
Internat insulation
- GIS 0,7 1.25
~ liquid-immersed insulation 0.5 1.10
- solld insulation 0.5 1,00

NOTE ~ U Is the required switching impulse withstand voltage in kV.

") The test converslon factors Include a factor of 1/ w/i to convert from peak to r.m.s value.
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5.2.2 Range Il

If adequate factors are not available (or specified by the relevant apparatus committee),
suitable test conversion factors for the conversion of the required short-duration power-
frequency withstand voltage to switching impulses are given in table 3. They also apply to the
longitudinal insulation.

Table 3 ~ Test conversion factors for range Il to convert required
short-duration power-frequency withstand voltages
to switching Impulse withstand voltages

Insulation Switching Impulse
withstand voltage

External insulation
— alr clearances and clean Insulators, dry 1.4
- clean Insviators, wet 1.7

Internal Insulation

- GIs 1,6
- liquid-Immersed insulation 23
— solid insulation 2,0

NOTE - The test converslon factors Include a factor of \E to convert from r.m.s to
peak value.

5.3 Detarminatlon of Insulatlon withstand by type tests
5.3.1 Test procedure dependency upon insulation type

The verification of the electric strength of insulation is achieved through tests. The type of test
to be selected for a given equipment shall consider the nature of its insulation(s). Subclauses
3.4 and 3.5 of IEC 71-1, define the sub-division of insulatlon into self-restoring and non-seif-
restoring insulation. This constrains the selectlon of the test procedure to be adopted for a
particular equipment from the list provided in 5.3 of IEC 71-1, and more fully described in
IEC 60-1.

The following information and guidance is given so as to aid the optimum selection of type
tests from insulation co-ordination considerations. Account is taken of the fact that much
equipment comprises a mixture of both self-restoring and non-seif-restoring insulation.
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5.3.2 Non-self-restoring insulation

With non-self-restoring insulation, a disruptive discharge degrades the insulating property of
the insulation and even test voltages which do not cause a disruptive discharge may affect the
insulation. For example, power-frequency overvoltage tests and impulse tests with polarity
reversal may initiate treeing in polymerlc insulation and give rise to gas generation in liquid and
liquid-impregnated insulation. Non-self-restoring insulation is, for these reasons, tested by
application of a limited number of test voltages at standard withstand level, i.e. by withstand
procedure A, 20.1.1 of IEC 60-1, in which three impulses are applled for each polarity, and the
test is successful if no disruptive discharge occurs.

For insulation co-ordination purposes, equipment which passes this test should be deemed to
have an assumed withstand voltage equal to the applied test voltage (i.e. the rated withstand
voltage). Since the number of test impulses is limited and no failure is permitted, no useful
statistical information regarding the actual withstand voltage of the equipment can be deduced.

Some equipment which contains both non-self-restoring and self-restoring insulation can be
regarded, for test purposes, as non-self-restoring if disruptive discharge during the test would
produce significant damage to the non-self-restoring insulation part (e.g. transformers tested
with bushings having a higher standard impulse withstand voltage).

5.3.3 Self-restoring insulation

With self-restoring insulation, it is possible to apply a targe number of test voltages, the number
only being limited by testing constraints and not by the insulation itself, even in the presence of
disruptive dlscharges. The advantage of applying many test voltages is that statistical
information may be deduced for the insulation withstand. IEC 60-1 standardizes three
alternative methods leading to an estimation of the 90 % withstand voltage. For insulation co-
ordination purposes, the up-and-down withstand method with seven impulses per group and at
least eight groups is the preferred method of determining Uso. Uy can be deduced by assuming
a value of conventional deviation (see 3.1.4) or the latter may be determined by a multiple level
test. For an evaluation of the statistical significance of the test method, reference may be made
to appendix A of IEC 60-1.

5.3.4 Mixed insulation

For equipment which has self-restoring insulation that cannot be tested separately from its non-
self-restoring insulation (e.g. bushings and instrument transformers), a compromise in test
method must be made. This is necessary so as not to damage satisfactory non-self-restoring
insulation while, at the same time, seeking to ensure that the test adequately discriminates
between satisfactory and unsatisfactory self-restoring insulation. On the one hand, the non-
self-restoring insulation part leads to few test voltage applications. On the other hand, the self-
restoring insulation part leads to the need of many test voltage applications (for selectivity
purpose). Experlence shows that withstand test procedure B, 20.1.2 of IEC 60-1 (15 Impulses,
up to two disruptive discharges permitted on self-restoring parts) is an acceptable compromise.

Its selectivity may be indicated as the difference between actual withstand levels which would
resull in probabilities of passing the test of 5 % and 95 %. Refer to table 4.
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Tabie 4 — Selectlvity of test procedures B and C of IEC 60-1

% probabllily Withstand level Withstand level
|EC tost Number of | for passing test for 95 % for 5 % probability Selacttvity
procadure impulses at Uro probabllity to pass to pass the test
the test
B 1512 82 Uss Usg 1.24 2
(Uu + 0,32 2) (Uv-092 2)
G 3+9 82 U Usy 2022
(Ve +0.40 2 (Uw - 1,62 2)

Thus, an equipment tested using procedure B, which is on the borderline of being acceptable
(rated and tested at its U,o), has a probability of passing the test of 82 %. A better equipment,
having a withstand voliage Uy, higher than the standard value U, by 0,32 Z (rated and tested at
its Uss), has a 95 % probabitity of passing the test. A poor equipment, having a withstand
voltage lower than the standard value U,, by 0,92 Z (rated and tested at its Ujyg), has a 5%
probabllity of passing the test. This selectivity of test (1,24 £) may be further quantified by
assuming values for Zas 3 % and 6 % of Us, for lightning and switching impulses respectively.
(it should be noted that Z cannot be determined from the test.) The selectivity of the 15/2 test
is further illustrated in figure 10 in comparison to the ideal test.

An alternative to the above test procedure is withstand test procedure C, 20.1.3 of IEC 60-1,
which is a modification of USA practice. In this procedure, three test Impulses are applied and
up to one disruptive discharge is permitted across self-restoring insutation, in which case a
further nine impulses are applied and the test requirements are satisfied if no further disruptive
discharge occurs. The selectivity of this procedure is compared with that of the 15/2 test in
table 4 and also in figure 10.

100}
1) S —7/‘_
82l .

A o

" ideal test

: =
0 + & H ®
>
Uio-Yw ____ 5
IEC 1 82876

Flgure 10 — Probabllity P of an equipment to pass the test dependent on
the difference K between the actual and the rated impulse
withstand voltage
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5.3.5 Limitations of the test procedures

Since the recovery of insulation from a disruptive discharge is a time-dependent process, an
adequate time Interval between test voltage applications must be permitted for the self-
restoring insulation to fully recover its electric strength. Apparatus committees should specify
the limits of acceptability (if any) of time intervals between test voltage applications which are
dependent upon the type of insulation. Considerations should also be given to the possible
degradation of the non-self-restoring insulation by the repeated application of test voltages
even without the occurrence of a disruptive discharge.

5.3.6 Selection of the type test procedures

In view of the foregoing, the following recommendations are made for tests performed for
insulation co-ordination purposes:

— self-restoring insulation should be tested with the up-and-down withstand method (one of
the methods described in withstand test procedure D, 20.1.4 of IEC 60-1);

— non-self-restoring insulation should be tested with Ihe three impulse withstand test
(withstand test procedure A, 20.1.1 of IEC 60-1);

~ in general, equipment which comprises both self-restoring and non-self-restoring
insulation (i.e. mixed insulation) should be tested with the 15/2 test (withstand
test procedure B, 20.1.2 of IEC 60-1). When, however, the risk of tree propagation in the
non-self-restoring insulation is of prime concern, and the number of voltage applications is
considered excessive, the 3 + 9 test (test procedure C, 20.1.3 of IEC 60-1) is an acceptable
alternative;

— also, where power-frequency tests are required for insulation co-ordination purposes, the
short-duration power-frequency withstand tests (IEC 71-1) should be applied to the
insulation, whether self-restoring, non-self-restoring, or mixed.

5.3.7 Selection of the type test voitages

For equipment containing only external air insulation, the test Is performed with the standard
withstand voltage applying the atmospheric correction factors specified in IEC 60-1.

For equipment containing only jnternal insulation, the test is performed with the uncorrected
standard withstand voltage.

For equipment containing both internal and external insulation, the atmospheric correction
factor should be applied and the test carried out with the corrected value, provided that lhe
corrected factor is between 0,95 and 1,05. When the correction factor is outside this range, the
alternatives listed below are acceptable for insulation co-ordination purposes.

5.3.7.1 Test voltage of the external insulation higher than that of the internal
(atmospheric correction factor > 1,05)

The external insulation can only be correctly tested when the internal insulation is
overdesigned. If not, the internal insulation should be tested with the standard value and, for
the external insulation, the following alternatlves may be considered by the technical apparatus
committees or by agreement:

— test of the external insulation only on dummies;

— interpolation between existing results;

— estimation of the withstand voltages from the dimensions.

In general, a test of the external insulation is not necessary if the air clearances are equal to or
larger than those given in tables A.1, A.2 and A.3 of annex A.
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For wet tests on vertical insulators,the insulator shape should meet certain additional
requirements. Until supporting information is available, these requirements may be considered
as being fuffilled if the insulator shape meets requirements of IEC 815.

For power-frequency tests under wet conditions, no additional test of the external insulation is
necessary if the clearances are larger than the rated power-frequency withstand voltage
divided by 230 kV/m and the insulator shape meets the requirements of IEC 815.

5.3.7.2 Test voltage of the external insulation lower than that of the internal
(atmospheric correction factor < 0,95)

The internal insulation can only be correctly tested when the external insulation is
overdesigned. If not, the external insulation should be tested with the corrected values and, for
the internal insulation, the following alternatives may be considered by the technical apparatus
committees or by agreement:

- test of the internal insulation with one polarity (usually negative) impulse only;

— test of the internal insulation increasing the external insulation strength, e.g. by corona
control electrodes of different gap. The strengthening measure should not affect the
behaviour of the internal insulation.

6 Special conslderations for overhead lines

6.1 General remarks

Although the insulation co-ordination procedure for overhead line insulation follows the general
philosophy of insulation co-ordination, the following special considerations shall be taken into
account:

- where the design employs free-swinging insulators, the dielectric strength of air
clearances should take into account conductor movement;

— insulator standards specify the dimensions of insulator units without making reference to
a highest voltage for equipment or a highest system voltage. Consequently the insulation
co-ordination procedure terminates with the determination of the required withstand voltage
U... The selection of a rated voltage from the series in IEC 71-1 is not necessary and tables
2 and 3 of IEC 71-1 do not apply;

- the insulation performance of overhead lines has a large impact on the insulation
performance of ‘substations. The transmission line outage rate due to lightning primarily
determines the frequency of re-energization operatlons, and the lightning performance rate
close to the substation determines the frequency of fast-front overvoltages impinging on the
substation.

6.2 Insulation co-ordination for operating voltages and temporary overvoltages

The operating voltage and the temporary overvoltages determine the required insulator string
length and the shape of the insulator unit for the pollution site severity. In directly earthed
neutral systems with earth fault factors of 1,3 and below, it is usually sufficient to design the
insulators to withstand the highest system voltage phase-to-earth. For higher earth-fault factors
and especlally in isolated or resonant earthed neutral systems, consideration of the temporary
overvoltages may be necessary.

Where consideration must be given to free-swinging insulators, the clearances should be
determined under extreme swing conditions.
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6.3 Insulation co-ordination for slow-front overvoitages

Slow-front overvoltages of interest for overhead lines are earth-fault overvoltages, energization
and re-energization overvoltages. When establishing the acceptable fallure rates it should be
taken Into account that:

— an insulation failure due to earth-fault overvoltages causes a double phase-to-earth fauit;
— an insulation failure due to re-energization overvoltages causes an unsuccessful
reclosure.

6.3.1 Earth-fault overvoltages

Earth-fault overvoitages should be taken into account in systems with high earth-fault factors,
i.e. for distribution lines or transmission lines in resonant earthed-neutral systems. The
acceptable failure rates for these lines shall be selected in the order of magnilude of their two-
phase lightning outage rate. As a gulde, acceptable failure rates between 0,1 and 1,0
flashover/year are typical.

Special considerations are necessary for lines in range Il where energization and re-
energization overvoltages are normally controlled to low amplitudes, since in this case the
slow-front overvoltage generated by earth faults may be more severe.

6.3.2 Energlzation and re-energlzation overvoltages

Energization overvoltages are of interest for all overhead lines, but specially in range Ii.
Suitable acceptable failure rates are in the order of 0,005 - 0,05 flashover/year,

Re-energization overvoltages require attention for transmission lines when fast three-phase
reclosing is applied (because of trapped charges). Acceptable failure rates of 0,005 — 0,05
flashover/year may be suitable.

Re-energization overvoltages can be disregarded when single-phase reclosing Is used on
transmission lines or for distribution lines in which the distribution transformers remain
connected during the operation.

Slow-front overvoltages are one of the factors delermining the air clearances and, for some
type of insulators, the insulator fittings. Usually their Importance Is restricted to transmission
lines in the higher system voltage range of 123 kV and above. Where free-swinging insulators
are applied, air clearances for slow-front overvoltages are generally determined assuming
moderate (mean) swing conditions. For distribution lines, the clearances are generally
determined by the insulator (see 6.2) and slow-front overvoltages need not be considered.

6.4 Insulation co-ordination for lightning overvoltages

The lightning performance for overhead lines depends on a variety of factors, among which the
most important are:

— the lightning ground flash density;

~ the height of the overhead line;

— the conductor configuration;

~ the protection by shield wires;

— the tower earthing;

— the insulation strength.

71-2 ©IEC: 1996 -107 -

6.4.1 Olstribution lines

For distribution lines, it should be assumed that each direct lightning flash to the fine causes a
flashover between phases with or without a flashover to earth. Protection by shield wires is
useless because tower earthing and insulation strength cannot economically be improved to
such a degree that back flashovers are avoided. The lightning performance of distribution lines,
therefore, is largely determined by the ground flash density and the line height.

For distribution lines with unearthed crossarms (wood-pole lines), induced overvoltages from
nearby strokes to earth have no importance. However, the high dielectric strength to earth
causes overvoltage surges with high amplitudes impinging on the substation and, in such
cases, consideration should be given for the appropriate choice of substation surge arresters
(energy requirements).

For distribution lines with earthed crossarms, induced overvoitages may affect the required
lightning impulse strength of the overhead line insulation.

6.4.2 Transmission lines

For transmission lines above 72,5 kV, induced voltages can be neglected and only direct
flashes to the line determine the lightning performance. A general guide for a suilable target
performance rate cannot be given because this rate would largely depend on the
consequences of a lightning outage and the cost to improve shielding, earthing and insulation
strength. It is possible, however, to design for a lower outage rate for the line section in front of
the substation than for the rest of the line, in order to reduce the amplitudes and frequency of
the overvoltage surges impinging on the substation and also to reduce the probability of
occurrence of short-line faults (see {EC 56).

7 Special conslderations for substations

7.1 General remarks

The voltage stresses which can arise in a substation as shown in figure 11 are described in the
follewing subclauses 7.1.1 to 7.1.4.

C O =
——— e B
I |
L !
| | | Supply Side,
! : A Busbar or
Staton2 | Lines [ Station 1 Load Slde | generator
1EC [ 029196

Figure 11 - Example of a schematic substation layout used for the
overvoltage stress focatlon (see 7.1)
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7.1.1 Operating voltage

It is assumed equal to the highest system voltage. All parts of the substation are equally
stressed.

7.1.2 Temporary overvoltage

Earth faults on the load side stress all parls of one phase of the substation equally.

Load rejection overvoltages may arlse in the substation mainly due to a fault in the distant
substation (station 2). Depending on the protection scheme, either all or some parts between
circuit-breaker cb2 and the transformer will be stressed. For a fault in the substation itself
(station 1), only the parts between circuit-breaker cb1 and the transformer are subjected to
load rejection overvoltages.

Longitudinal overvoltage stresses may exist at circuit-breaker cb1 during synchronization if the
transformer is connected to a generator. When busbar B2 is operating in a different system,
the longitudinal insulation of the busbar disconnectors may be subjected to the operating
voltage on busbar B2 and the load rejection overvoltage on busbar B1 in phase opposition.

7.1.3 Slow-front overvoltages

Overvoltages due to line energization or re-energization can have the high amplitudes of the
receiving end only between the line entrance and the circuit-breaker cb2. The rest of the
substation is subjected to the overvoltages at the sending end.

Overvoltage due to faults and fault clearing may occur in all parts.

7.1.4 Fast-front overvoltages

Lightning overvoltages may arise at all parts of the station; however, with different amplitudes
depending on the distance to the arrester.

Fast-front switching overvolitages occur only on the switched section of the station (e.g. on
busbar B2) or at one of the breakers, when they are switched by one of the busbar
disconnectors.

The different steps of insulation co-ordination are shown in three selected examples in
annex H.

As the specification of suitable long-duration power-frequency test voltages is left to the
technical apparatus committees, the verification of the required long-duration power-frequency
withstand voltages is omitted from the examples.

NOTES

1 At the initial stage, only one fine may be in service and temporary overvoltages due to load rejection after an
earth fault need consideration.

2 When the transformers are energized via a long line, slow-front overvoltages may also stress transformer
and busbar.

3 In GIS, very-fast-front overvoltages dueto disconnector operations may need consideration.
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7.2 Insulation co-ordination for overvoltages
7.2.1 Substations In distribution systems with U, up to 36 kV in range |

For equipment in this voltage range, IEC 71-1 specifies standard rated short-duration power-
frequency and lightning impulse withstand voltages.

As a general guide, it can be assumed that in the distribution voltage range the required
switching impulse withstand voltages phase-to-earth are covered by the standard short-
duration power-frequency withstand voltage. The required switching impulse withstand voltages
phase-to-phase, however, have to be considered in the selection of the standard lightning
impulse withstand voltage, or the short-duration power-frequency withstand voltage.

Provided that the slow-front phase-to-phase overvoltages have been accommodated,
equipment designed to the lower standard lightning impulse withstand voltage values from
IEC 71-1, table 2, may be suitable for installations such as the following:

a) systems and industrial installations not connected to overhead lines;

b) systems and industrial installations connected to overhead lines only through
transformers where the capacitance to earth of cables connected to the transformer low-
voltage terminals is at least 0,05 uF per phase. When the cable capacitance to earth is
insufficient, additional capacitors should be added on the transformer side of the
switchgear, as close as possible to the transformer terminals, so that the combined
capacitance to earth of the cables plus the additional capacitors is at least 0,05 pF per
phase;

c) systems and industrial installations connected directly to overhead lines, when adequate
overvoltage protection by surge arresters is provided.

In all other cases, or where a very high degree of security is required, equipment designed to
the higher rated lightning impulse withstand voltage value should be used.

7.2.1.1 Equipment connected to an overhead line through a transformer

Equipment connected to the low-voltage side of a transformer supplied on the high-voltage side
from an overhead line is not directly subjected to lightning or switching overvoltages originating
on the overhead line. However, due to electrostatic and electromagnetic transference of such
overvoltages from the high-voltage side winding to the low-voltage winding of the transformer,
such equipment can be subjected to overvoltages which must be taken into account in the
insulation co-ordination procedure with the possible application of protective devices.

Analytical expressions for the electrostatic and electromagnetic terms of the transferred
voltage are given in annex E.

7.2.1.2 Equipmentconnected to an overhead line through a cable

Insulation co-ordination, in this case, is not only concerned with the protection of the substation
equipment but also of the cable.

When a lightning surge propagating along an overhead line impinges on a cable, it breaks up
Into a reflected wave and a transmitted wave, where the transmitted wave amplitude is
substantially decreased as compared to that of the impinging surge. Subsequent reflections at
each end of the cable, however, usually result in a substantial increase in the voltage afong the
cable above this initial value. In general, the higher standard rated lightning impulse withstand
voltages from IEC 71-1, table 2, should be selected and surge arresters installed at the line-
cable junction. When wood poles are used in the overhead line and when only one line may be
connected to the substation, additional arresters may be required at the cable entrance of the
substatlon.
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7.2.2 Substations in transmission systems with U,, between 52,5 kV and 245 kV in range |

For equipment in this voltage range, IEC 71-1 specifies standard rated short-duration power-
frequency and lightning impulse withstand voltages.

As a general guide, it can be assumed that in the transmission voltage range within range |, the
required switching impulse withstand voltages phase-to-earth are covered by the standard
short-duration power-frequency withstand voltage. The required switching impulse withstand
voltages phase-to-phase, however, have to be considered in the selection of the lightning
impulse withstand voltage or standard short-duration power-frequency withstand voltage for the
equipment at the line entrance or additional phase-to-phase switching Impulse tests may be
necessary for three-phase equipment.

For the selection of the lightning impulse withstand voltage, many considerations for the
distribution voltage range also apply to the transmission voltage range within range 1. However,
as the variety of equipment and locations is not as great, it is recommended that the insulation
co-ordination procedure be carried out for a number of representative substation-overhead fine
combinations using at least the simplified procedures described in annex F.

7.2.3 Substations in transmission systems in range I

For equipment in this voltage range, IEC 71-1 specifies standard rated switching and lightning
impulse withstand volitages.

In this voltage range, the use of the statistical methods of insulation co-ordination should
generally be applied. The frequency of overvoltages for both switching operations or faults and
tightning events should be examined, carefully considering the location of the equipment in the
substation (e.g. to distinguish between equipment at the sending or receiving end of energized
lines). Furthermore, the deterministic insulation co-ordination method based on temporary
overvoltages may result in standard withstand voltages that are too conservative and more
accurate procedures should be applled, which take into account the actual overvoltage duration
and the power-frequency voltage-time withstand characteristic of the insulation.
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Annex A
(normative)

Clearances in air to assure a specified impulse withstand
voltage installation

In complete installations (e.g. substations) which cannot be tested as a whole, it is necessary
to ensure that the dielectric strength is adequate.

The switching and lightning impulse withstand voltages in air at standard atmosphere shall be
equal to, or greater than, the standard switching and lightning impulse withstand voltages as
specified in this standard. Following this principle, minimum clearances have been determined
for different electrode configurations. The minimum clearances specified are determined with a
conservative approach, taking into account practical experience, economy, and size of practical
equipment in the range below 1 m clearance.

These clearances are intended solely to address insulation co-ordination requirements. Safety
requirements may result in substantialfy larger clearances.

Tables A.1, A.2 and A3 are suitable for general application, as they provide minimum
clearances ensuring the specified insulation level.

These clearances may be lower if it has been proven by tests on actual or similar
configurations that the standard impulse withstand voltages are met, taking into account all
relevant environmental conditions which can create irregularities on the surface of electrodes,
for example rain, pollution. The distances are therefore not applicable to equipment which has
an impulse type test inciuded in the specification, since mandatory clearance might hamper the
design of equipment, increase its cost and impede progress.

The clearances may also be lower, where it has been confirmed by operating experience that
the overvoltages are lower than those expected in the selection of the standard withstand
voltages or that the gap configuration is more favourable than that assumed for the
recommended clearances.

Table A.1 correlates the minimum air clearances with the standard lightning impulse withstand
voltage for electrode configurations of the rod-structure type and, in addition for range i, of the
conductor-structure type. They are applicable for phase-to-earth clearances as well as for
clearances between phases (see note under table A.1).

Tabte A.2 correlates the minimum air clearances for electrode configurations of the conductor-
structure type and the rod-structure type with the standard switching impulse withstand voitage
phase-to-earth. The conductor-structure configuration covers a large range for normally used
configurations.

Table A.3 correlates the minimum air clearances for electrode configurations of the conductor-
conductor type and the rod-conductor type with the standard switching impulse withstand
voltage phase-to-phase. The unsymmetrical rod-conductor configuration is the worst electrode
configuration normally encountered in service. The conductor-conductor configuration covers
all symmetrical configurations with similar electrode shapes on the two phases.

The air ctearances applicable in service are determined according to the following rules.
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A1 Rangel

The air clearance phase-to-earth and phase-to-phase Is determined from table A.1 for the
rated lightning impulse withstand voltage. The standard short-duration power-frequency
withstand voltage can be disregarded when the ratio of the standard lightning impulse to the
standard short-duration power-frequency withstand voltage is higher than 1,7.

A.2 Rangell

The phase-to-earth clearance is the higher value of the clearances determined for the rod-
structure configuration from table A.1 for the standard lightning impulse, and from table A.2 for
the standard switching impulse withstand voltages respectively.

The phase-to-phase clearance is the higher value of the clearances determined for the rod-
structure configuration from table A.1 for the standard lightning impulse and from table A.3 for
the standard switching impulse withstand voltages respectively.

The values are valid for altitudes which have been taken into account in the determination of
the required withstand voltages (see 4.3.2).

The clearances necessary to withstand the standard lightning impulse withstand voltage for the
longitudinal Insulation in range 1l can be obtained by adding 0,7 times the maximum operating
voltage phase-to-earth peak to the value of the standard lightning impulse voltage and by
dlviding the sum by 500 kV/m.

The clearances necessary for the longitudinal standard switching impulse withstand voltage in
range It are smaller than the corresponding phase-to-phase value. Such clearances usually
exist only in type tested apparatus and minimum values are therefore not given in this guide.
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Table A.1 - Correlation between standard lightning impulse withstand

-119-

voltages and minimum alr clearances

Standard lightning impulse Minimum clearance
withstand voltage am
kv Rod-structure Conductor-structure
20 60 .
40 60
60 90
75 120
95 160
125 220
145 270
170 320
250 480
325 630
450 900
550 1100
650 1300
750 1500
850 1700 1600
950 1900 1700
1050 2100 1900
1175 2350 2200
1300 2600 2400
1425 2850 2600
1550 3100 2900
1675 3350 3100
1800 3600 3300
1950 3900 3600
2100 4200 3900
NOTE - The standard lightning Impulse Is applicable phase-to-phase and
phase-to-earth.
For phase-to-earth, the minimum clearance for conductor-structure and rod-
structure is appiiceble.
For phase-to-phase, the minimum clearance for rod-structure is applicable
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Table A.2 - Correlatlon between standard switching impulse withstand
voltages and minimum phase-to-earth alr clearances

[ Standard switching impulse Minimum phase-to-earth
withstand voltage mm
kv Conductor-structure Rod-slructura
750 1600 1900
850 1800 2400
950 2200 2900
1050 2600 3400
1175 3100 4100
1300 3600 4800
1425 4200 5600
1550 4900 6400

Table A.3 - Correlation between standard switching iImpulse withstand
voltages and minimum phase-to-phase alr clearances

Standard switching impulse Minimum phase-to-phase clearance
withstand voltage i
Phase-to-phase

Phese-to- value Phase-to- Conductor-conductor Rod-
earth _—Phas_e-to:arth phase parallet conductor
KV value KV
750 1.5 1125 2300 2600
850 1.5 1275 2600 3100
850 1.6 1360 2900 3400
950 1.5 1425 3100 3600
950 1.7 1615 3700 4300
1050 1.5 1575 3600 4200
1050 1.6 1680 3900 4600
1175 1.5 1763 4200 5000
1300 1.7 2210 6100 7400
1425 1,7 2423 7200 9000
1550 1.6 2480 7600 9400
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Annex B
(informative)

Determination of temporary overvoltages
due to earth faults

The earth-fault factor is at a glven iocation of a three-phase system, and for a given system
configuration, the ratlo of the highest r.m.s. phase-to-earth power frequency voltage on a
healthy phase during a fault to earth affecting one or more phases at any point on the system
to the r.m.s. phase-to-earth power frequency voitage which would be obtained at the given
focation in the absence of any such fault (see definition 3.15 of IEC 71-1).

The earth-fault factor is calculated using the complex impedances Z; and Z, of the positive and
zero sequence systems, taking Into account the fault resistance R. The following applies:

2y = Ry +jX, :resistance and reactance of posltive and negative sequence system,

2y = Ry + | X : resistance and reactance of zero sequence system.

(The earth-fault factors are calculated for the locatlon of the fault.)

NOTE - It should be observed that in extended resonant-earthed networks, the earth-fauit factor may be higher
et other locatlons than the fault.

Figure B.1 shows the overall situation for R, << X; and R=0

The range of high vaiues for Xg/X; positive and/or negative, apply to resonant earthed or
isolated neutral systems.

The range of low values of positive Xy/X; are valid for earthed neutral systems.

The range of low vaiues of negative Xo/X; shown hatched, is not suitable for practical
application due to resonant conditions.

For earthed neutral systems, figures B.2 to B.5 show the earth-fault factors as a family of
curves applicable to particular values of Ry/X;.

The curves are divided into regions representing the most critical conditions by the following
methods of presentation:

MaxIimum voltage occurs on the phase which leads the faulted phase, during a
phase-to-earth faulit.

Maximum voltage occurs on the phase which lags the faulted phase, during a
phase-to-earth fauit.

LRI .= Maxlmum voltage occurs on the unfauited phases, during a phase-to-earth
fault.

The curves are valid for fault resistance values giving the highest earth-fault factors.
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Figure B.1 — Earth-fault factor k on a base of X¢/X, for Ry/X; =R =0
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Figure B.2 — Relationshlp between Ry/X, and Xy/X; for constant values of
earth-fault factor kwhere R, =0
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Figure B.3 - Relatlonshlp between Ry/X; and Xy/X, for constant values of
earth-fault factor k where R, = 0,5 X,
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Figure B.4 — Relatlonshlp between Ry/X; and Xo/X; for constant values of
earth-fault factor k where Ry = Xy
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Figure B.5 — Relationship between Ry/X; and Xy/X, for constant values
of earth-faulit factor kK where R, = 2X;
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Annex C
(informative)

Weibull probability distributions

C.1 General remarks

in the vast majority of literature dealing with external insulation the disruptive discharge
probability of the insulation as function of the peak value of the applied voltage P(U) is
represented by a Gaussian cumulative frequency distribution which is given by the following
expression:

1 5 -1p
e % dy (C.1)

Vo

P(U)=

where

x=(U-Us)!2Z

Uso being the 50 % discharge voltage (P(Uso) = 0,5), and
2 belng the conventional deviatlon according to IEC 60-1.

A fundamental observation, however, is that there is no physical support to the adoption of this
function for P(U). An evidence of this lack of support is that physically no discharge can occur
below a minimum value of U. The function is therefore truncated at (Uy = Usq — 3 2) or at
(Uo = Uso— 4 2), so that P (U) = 0 for U< U,. The main reason why the expression (C.1) was
adopted is because it fitted reasonably well with the experimental results.

Also the cumulative frequency distribution of the overvoltages is usually described by a
Gaussian cumulative function F(U) which is often truncated at (U = Usso + 3 S,) or at
(Upt = Upso + 3 Sp) in order to represent an upper assumed limit for the overvoltages.

In order to account for these facts, this guide recommends the use of Weibull probability
functions both for the overvoltages and for the disruptive discharge of self-restoring insulation,
because it offers the following advantages:

— the truncation values U, and U, are mathematically included in the Weibuli expression;
— the functlons are easily evaluated by pocket calculators;

— the inverse functions U = U(P) and U, = U,(F) can be expressed mathematically and are
easily evaluated by pocket calculators;

— the modified Weibull expresslons are defined by the same parameters characterizing the
two truncated Gaussian expressions: (Use, Z and Up) for P(U), and for example (U,2, S. and
Ua) for F (Ue);

— the disruptive discharge probability function of several identical insulations in parallel has
the same expression as that of one insulation and its characteristics can be easily
determined from those of the single Insulation.

This annex describes the derivation of the two modified functions from the Weibull cumulative
probabllity distribution with three parameters, to be used for the representation of the disruptive
discharge probability function of external insulation under switching and lightning impulses, and
of the cumulative probabillty distribution of the peak values of the overvoltages occurring in a
system.



71-2 © IEC: 1996 -133 -

C.2 Disruptive discharge probabllity of external Insulatlon

The general expression for the Weibull distribution is:

u-8 )'

P(U)=1-e-( P (C.2)

where § is the truncation value, B is the scale parameter and y is the shape parameter.

This expression can be suitably modified for the description of the discharge probability of an
insulation with a truncated discharge probability by substituting the truncatlon value & and the
scale factor f:
8§=Use-NZ (C.3)
s
B=NZ(In2) ¥ (C.4)

which leads to the modified Weibull function:

U-Usg, \'
PU)= 1-0,5[1 + %) (c.5)

in which the constant N is equal to the number of conventional deviations below Usq
corresponding to the truncation voltage (P(U) = 0) and lhe exponent is determined by the
condition that (P (Usg — 2) = 0,16) resulting in:

h’ln(1—o,1e)
L In05

Tin(1- (11 N))

V= (C6)

For external insulation, it is assumed that no discharge is possible (withstand probability =
100 %) at a truncation value (Uy = Usg~ 4 2), i.e. for N = 4. Introducing N = 4 in equation (C.6)
results in an exponent of y= 4,80, which can be approximated to y = 5 without any significant
error.

Introducing the normalized variable (x = (U - Uso) / Z) as for the Gaussian function, the
adopted modified Weibull flashover probability distribution is then:
5
x
1
P(U)=1—0,5( * 4) (c.7)

Figure 5 illustrates this modified Weibull distribution together with the Gaussian distribution to
which it is matched. Figure 6 shows the same distributions on Gaussian probability scales.

If the same overvoltage stresses simultaneously M identical parallel insulations, the resulting
flashover probability of the parallel insulations [P{U)] is given by equation (C.8):

P =1~-[1-PUM (C.8)

Combining equations (C.7) and (C.8), the flashover probability for M parallel insulations is:

P(U) = 1—0.5'"(1 * :) (c.9)
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Introducing the normalized variable (xu = (U — Usom)/2u), the equation (C.9) can be expressed
as following:

P'(U)=1—0,5[1 v );M]s (C.10)

From equations (C.9) and (C.10) is obtained:
(C.11)

In general, if the risk of failure of one insulatlon (R) is small (such as 10°%), then the risk of
failure of M identical parallel insulations stressed simultaneously can be approximated as the
product of Mand R.

Replacing in equation (C.11) x and xy by their respective extended definition, and because at
the truncation point (Uso — 42 = Usom — 42y = Uy), the following relationships are obtained:

£ (C.12)

=

These relationships are shown in figure C.1 which glves the withstand characteristic of M
parallel identical Insulations related to the withstand characteristic of one insulation.

For example applying preceding formulas for M= 200:
Usozo0) = Usog— 2,62
Uto(200) = Usocz00) — 1,3 Zaoo = Uso -3,12

As another example, for 100 parallel insutations, each one with Uso = 1600 kV and Z = 100 kV,
then 2y = 100/ (100)"/5 = 39,8 kV and Usouy = 1359,2 kV. Table C.1 completes this example
glving the values of U and Uy, for various flashover probabilities P(U).

Table C.1 - Breakdown voltage versus cumulative flashover probability —
Single Insulatlon and 100 parallel insulatlons

P(U)(%) 50, 16 10 2 1, 0.1 o"
U (kV) 1600 1500 1475 1400 1370 1310 1200
Un (kV) 1359 1318 1308 1280 1268 1244 1200
" The truncation value remains constant.

Calculation of the risk of failure

To calculate the risk of failure for the preceding example, assume U,; = 1200 kV and S, = 100 kV.
Then, for one Insulator:

Key = Uso | Upz = 1475/ 1200 = 1,23
and R=10"

For 100 identical parallel insulations:

K. = 1308 /1200 = 1,09
and R=10" (to compare to figure 8)
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As an approximation, one could calculate the risk of failure of M parallel insulatlons using the
following equation:

R = Mmop| Yeso.=Yso (valid for R<0,1) (C-13)
,/S,2 +22

where

M s the number of simuitaneously stressed insulatlons;

D is the untruncated Gaussian Integral function;

Usso is the mean value of the overvoltage distribution, obtained as U,, — 2Ss according to
annex D (kV);

Uso is the 50 % flashover voltage determined as withstand voltage divided by (1 - 1,32)
(kV);

S, is the conventional devlation of the overvoltage probability distribution (kV);

4 is the conventional deviation of the flashover probabllity (kV).

Then: R = 100 @ ((1000 - 1600) / 140) = 100 & (-4,3) = 100 (10") = 10", which is the same
result as above. For low risk values, the use of this formula may be too conservative.

C.3 Cumulative frequency distribution of overvoltages

To represent the cumulative frequency of overvoltages with a modifled Weibull function, it is
sufficient to change the sign of the voltages within the exponent of equation (C.2) to take into
account that the function shall be truncated for high-voltage values. For example, for phase-to-
earth overvoltages:

_[U..-U.)'
FUg)=1-e \ P (C.14)

With the assumptions made in annex O that the truncation value (Us = U,so + 3 S,) and the 2 %
value is equal to (U, = Usso + 2,05 S,), the exponent of equation (C.6) becomes y = 3,07,

which can be approximated to y = 3. The scale parameter with these assumptions becomes
B = 3,5 S, to be used in equation (C.14).

Alternatively, the frequency distribution of overvoltage can be expressed in a form similar to
equation (C.5) for the disruptive discharge:

3
F(Ue)=1—0,5[1qg(%]] (C.15)

With these factors, both equations (C.14) and (C.15) yield a probabiiity of 2,2 % at the 2 %
value, which is considered as sufficiently accurate.

If the case-peak method and the phase-peak method (for definition see 2.3.3.1) are compared,
and the overvoltages at the three phases are statistically independent, then the probability
distribution is:

_3[2-1’_")’
Fop=1-(1-Fpp)l=1-e \ % (C.16)
where c-p and p-p refer to the case-peak and phase-peak method, respectively, and with the
parameters Y= 3 et = 3,5 S,.
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This means that the parameters P for the two methods follow the retatlon:

Bep = 3" Bpp = 0,69 Bpp (C.7)

and consequently, the reiation between the deviatlons is:

Se.p = 0,69 Sp.p (C.18)
and, as the truncation value should be the same for both methods:
Un2ep = 1,08 Ugzp, ~ 0,08 (C.19)
Number of 1000

parallel insulations

99

Sy
>

Probability of flashover %
3

10

0.1
Ugo42Z Ugo-32 Ugg-22 Ugg-Z Ugg

0
Voltage IEC 103596

Uso: 50 % flashover voltage of a single gap

Z: conventional daviation of a single gap

Flgure C.1 — Converslon chart for the reduction of the withstand volitage
due to placing Insulation configuratlons in parallel
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Annex D
(informative)

Determination of the representative slow-front overvoltage due
to line energization and re-energization

D.1 General remarks

The determination of the overvoltages due to energlzatlon and re-energization, the Insulation
response under these overvoltages and the consequences for the Insulation co-ordination
procedure for a phase-phase-earth insulation conflguration have been investigated by CIGRE
study committee 33 and been published [1, 6, 7, 8]. Although the principles reported there are
still valid, their application has turned out to be complicated. This annex, therefore,
summarizes the results and introduces the simplifications which are considered necessary for
the use of this guide. For an explanation of the results, reference is made to the relevant
ELECTRA publication.

The principies are derived for the phase-peak method (defined in 2.3.3.1) in the evaluation of
the overvoltages. The results and, in particular, the obtained simplifications, however, are also
valid when the case-peak method is used.

D.2 Probabllity distributlon of the representative amplitude
of the prospective overvolitage phase-to-earth

From the 2 % overvoltage values phase-to-earth (ue, values from figure 1), the representative
probability distribution can be estimated:

Phase-peak method:

2 % value:
- deviation: Oe = 0,25 (Va2 — 1); (D.1)
~ truncation value: " Ugt = 1,25 Ugz - 0,25. (D.2)

It can be noted that if (Ue2 = Ussg + 20,) then (Ug = Uesg + 30,)

Case-peak method:

2 % value: U2 3
deviatlon: G = 0,17 (Ugz — 1); (D.3)
— truncation value: Ut = 1,13 Ug2 ~ 0,13, (D.4)

As shown in annex C, for the same switching operation, the truncation values obtained for the
two methods are the same. Consequently, the 2 % values and the deviations must differ.

Correct values for both methods can be obtained from studies. However, in view of the
dispersion of the results, figure 1 can be used for both methods.

D.3 Probability distribution of the representative amplitude of the prospective
overvoitage phase-to-phase

In general, the insulation characteristic must be taken into account in the evaluation of a three-
phase overvoltage in order to determine the most critical instant from the overvoltage shape
(see clause D.4). This most critical Instant I8 sufficiently defined by one of the three following
instants:
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Instant of the positive peak of the phase-to-earth overvoltage

At this instant, the overvoitages are described by:

-~ the positive peak at each terminal;

- the highest negative component from the two neighbouring terminals, glven the highest
stress between phases;

- the lowest negative component from the two neighbouring terminals.

e ive e -fo-e. Vi
This instant is equivalent to the instant of the positive peak with reversed polarities.
-{o- Verv

At this instant the overvoltages are described by:

- the phase-to-phase overvoltage peak between each couple of terminals;
- the positive and negative component of this overvoltage;
— the component at the third terminal to earth.

In all instants, the third component is small. The overvoltage, therefore, can be described by
two components on two phases with the third phase earthed. The probabliity distribution of the
overvoltages is bivariate, because both components vary. In a bivariate probability distribution
the usually used single voltage value is replaced by combinations of overvoltages, which all
have the same probability density. These combinations form curves, which are ellipses, when
Gausslan distributions are used to approximate the probability distribution of the components,
with the special case of circles if the dispersions of the two distributions are equal. If Weibull
distributions are used, the curves are similar to ellipses or circles.

Besides being the curve of constant probability density, a further characteristic of the curve is
that each tangent to them defines a composite phase-to-phase overvoltage of constant
probability. Figure D.1 shows an example from [7] corresponding to a tangent probability of 2 %
for the three Instants mentloned above. According to the evaluation of overvoltages only one of
the three curves corresponds to the most critical instant for the insulation and only this curve is
representative for the.overvoltages.

In order to simplify and to take into account instants between the three selected ones, it is
proposed in {7] to represent the three curves by a circle given in figure D.2. This circle is fully
defined by the positive and the equal negative peak of the phase-to-earth overvoltages and the
peak of the phase-to-phase overvoltage. The circle has its centre at:

U, -2y
Ut =U; = % (D.5)
=
and a radius:
2U, -,
Ry= L D.6
=S (0.6)

where the phase-to-earth overvoitage U, and the phase-to-phase overvoltage U, correspond to
the same considered probability.
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The phase-to-phase overvoltage probabillty distribution can be estimated as (refer to figures 1
and 2):

Phase-peak method:

~ 2 % value: Upz s
— deviation: 0, = 0,25 (up2 ~ 1,73); (D.7)
- truncation value: Upe = 1,25 Up2 = 0,43, (D.8)

Case-peak method:

- 2 % value: Up2,
— deviation: 6p = 0,17 (up2 — 1,73); (D.9)
— truncation value: upe = 1,14 uy; - 0,24, (D.10)

D.4 Insulatlon characteristic

In the evaluation of three-phase overvoltages the basic insulation characteristics have to be
taken into account in order to determine the instant of the overvoitage transient which is most
critical for the insulation (see 3.1.1). Figure D.3 shows two-phase terminals and the earth
terminal of a complete insulation configuration in which the third phase is disregarded for
simplification reasons. For the description of the dielectric strength of such a configuration two
methods have been used.

— The positive component belonging to a given discharge probability is re-ported dependent
on the negative component. With this description an insulation characteristic is obtained as
shown in figure D.4 a) for the 50 % discharge probability.

— The total discharge voltage equal to the sum of the two components corresponding to a
given discharge probability is reported dependent on a ratio o:

a= U /(U +U) =111+ U1V (D.11)
where
U is the positive component;
U is the negative component

The example of figure D.4 a) then results in the dependency shown in figure D.4 b).

The insulation characteristic is divided into three ranges (as shown in figure D.4). Range a is
the range of discharges from the positive terminal to earth. The negative component has little
or no influence on the discharge probability. In range b the discharges occur between the
terminals and the discharge probability depends on both components (a shall to be taken into
account). Range c corresponds to range a for the discharges from the negative terminal to
earth.

The discharge voltages in ranges a and ¢ can be determined with the opposite terminal
earthed, i.e. with a voltage component equal to zero. In range b, however, the ratio of the
components (or the ratio «) influences the result. This part of the insulation characteristic,
which is responsible for the phase-to-phase flashover depends on the electrode configuration
and the physical discharge process. Two different kinds of electrode configurations are of
interest:

— electrode configurations in which the discharges phase-to-earth and the discharges
phase-to-phase occur at different parts of the configuration, e.g. when the radius of the
electrodes is large compared to their clearance. The discharge between phases is
exclusively determined by the total voltage between phases. The insulation characteristic in
range b decreases at 45° in figure D.4 a) or is constant in figure D.4 b). Such configurations
exist in three-phase power transformers or in GIS;

71-2 ©IEC: 1996 ~ 147 -

— electrode configurations in which the discharges phase-to-earth and the discharges
phase-to-phase occur al the same part of the configuration. For these the insulation
characteristic depends on the discharge process.

According to the discharge process, three groups can be dislinguished:

a) configurations with homogeneous or quasi-homogeneous electric field

The discharge voltage is equal to the corona inception voltage and the insulation
characteristic can be obtained by field calculations. Such insulation configurations exist
in three-phase enclosed GIS.

In spite of this, as the electrode dimensions are large compared to the clearances, the
dielectric field between the phases is little influenced by the earth terminal and,
therefore, determined by the total voltage. The insulation characteristic in range b is
decreasing with about 45° in figure D.4 a) and constant in figure D.4 b).

b) short air clearances with inhomogeneous electric field

The discharge voltage is substantially higher than the corona inception voltage. This
discharge process corresponds to a streamer discharge, as a leader does not develop
owing to the short air clearance. The discharge probability is determined by the sum of
the two components, which means that the insulation characteristic in range b decreases
with 45° in figure D.4 a) or is constant in figure D.4 b). The air clearances in range | of
IEC 71-1 can be associated with this group;

c) long air clearances

In addition to the conditions mentioned for short air clearances, leader formation from
the positive terminal takes place. This means that the dielectric field around the positive
terminal is decisive and the positive component has a higher influence on the discharge
than the negative. The insulation characteristic decreases by less than 45° [6]. Air
clearances in range Il of [EC 71-1 can be associated with this group.

In summary, the insulation characteristic of a two-phase insulation configuration is described
by:

— the positive switching impulse withstand voltage phase-to-earth (range a in figure D.4);

— the negative switching impulse withstand voltage phase-to-earth (range c in figure D.4);

— the insulation characteristic between phases (range b in figure D.4) where it can be
described, for the representation of figure D.4 a) by:

Ut =UZ +BU” (D.12)

or, for the representation in figure D.4 b), by:

+

. U
v+ = — 0 — (D.13)
1-a(1-B)
The value of the constant Bis:

In range I: ali insulation types: B=1,
In range |l:

— internal insulation: B=1;

— external insulation: B<1,

Figure D.5 gives the angle ¢ (B = tg ¢) dependent on the ratio of O/Ht.
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IEC 71-1 defines the representative overvoltage between phases as conslsting of
two components with equal amplitude and opposite polarity. This overvoltage is situated on the
line U' = U or o = 0,5. The most crltical stress on the insulation configuration depends on the
insulation characteristic and, in particular, on the inclination 8 mentioned in equation (D.12).
The most critical stress is given by the voltage component at which the characteristic is tangent
to the circle proposed as a simplification to describe the overvoltages. Figure D.2 shows that
the most critical stress does not correspond with the representative overvoltage, if the
inclination B is smaller than 1. In this case, the representative overvoltage must be increased
in order to test at @ = 0,5. This results in a new value for the phase-to-phase representative
overvoltage Upy, given by:

Upore = 2 (Fy Uz + F; Ue2) : (D.14)

The deviation value S, and the truncation value U, are respectively given by equations
(D.15) and (D.16):
Snre=2(Fl Sn*FZ se) (D15)
Uptie = 2 (F1 Upt + F7 Ugy) (D.16)
where:

If B =1, i.e. for internal insutation and external insulations in range 1, the representative phase-
to-phase overvoltage is equal to the probability distribution of the phase-to-phase overvoltages.
If B <1, the representative phase-to-phase overvoltage varies between the phase-to-phase
overvoltages for B8 = 1 and twice the phase-to-earth overvoltages for 8 = 0.

D.5 Numerical example

A phase-phase-earth insulation configuration typical for a system with U, = 765 kV (1 p.u. =
625 kV) has an insulation strength between phases described by a constant B = 0,6. This
results in the constants F; = 0,463 and F, = 0,074.

With the phase-to-earth overvoltage parameters (phase-peak):

= Ue2=(198p.u.) = 1238 kV;
- S, =(0.25p.u)= 156 kV;
~ U =(2,225p.u.) = 1391 kV.

The phase-to-phase overvoltage parameters are derived:

= Upz = (3,366 p.u.) = 2104 kV;

- 8 =(0,42pu) = 263kV;

—~ Ux=(3,778 p.u.) =2361kV.
The representative overvoltage amplitude phase-to-earth is equal to the phase-to-earth
overvoltage. The representative overvoltage amplitude phase-to-phase is derived from
equations (D.14) to (D.16) with the above-given constants:

~ Upzre = (3,41 p.u.) =2131kV;

- Spre =(0.44 p.u.) = 266 kV;

— Upe = (3,828 p.u.) = 2392 kV.
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The required withstand voltages for K., = 1,15 are then:

— phase-to-earth: U, = Uy, x 1,15 = 1424 kV;
— phase-to-phase (nominat): Uy, = U, x 1,15 = 2420 kV;
— phase-to-phase (derived): U, = Upao x 1,15 = 2451 kV.

In IEC 71-1, table 3 provides standard withstand voltages of 1425 kV phase-to-earth and 2422
(1425 x 1,7) kV phase-to-phase. While these values would adequately cover the nominal
required withstand voltages, they would not cover the derived phase-to-phase required
withstand voltage Uyz, of 2451 kV. Therefore the next highest standard withstand voltages of
1550 kV phase-to-earth and 2480 (1550 x 1,6) kV phase-to-phase must be selected and the
insulation Is to be tested with positive and negative switching impulses of equal magnitude.

Up2 -

IEC 103696

1: overvoltage at the Instant of the positive phasa-to-earth overvoitage peak
2: overvoltage at the Instant of the negative phase-to-earth overvoltage peak
3: overvoltage at the instant of the phase-to-phase overvoltage peak

4: proposed simplification covering all instants

Figure D.1 — Example for bivariate phase-to-phase overvoltage curves with
constant probabllity density and tangents glving the relevant
2 % values
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1: simphified overvoltage circle as given by the values for tha phase-to-sarth overvoltage Us' = U,” end for the
phase-to-phase for the considered probability
2: 50 % flashover characteristic of the Insulation

R: most critical overvoltage stress

Filgure D.2 : Principle of the determination of the representative
phase-to-phase overvoltage U,

Phase terminal
Positive Negalive

e

Earth terminal IEC 103896

U" : positive voltage component
U : negative voltage component

Figure D.3 - Schematic phase-phase-earth Insulation conflguration
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1EC 103996

8) 50 % posit P 't dependant on the negatl t
b) 50 % total flashovaer dependent on a

range a: flashover from positive phase terminal to earth

ranga b: Aashover between phase terminals

range c: flashover from negative phase terminal to earth

Figure D.4 — Description of the 50 % swlitching impulse flashover voltage
of a phase-phase-earth Insulation
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Figure D.5 - Inclination angle of the phase-to-phase Insulation

characteristic in range b dependent on the ratio of the phase-
phase clearance D to the helght Ht above earth
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Annex E
(informative)

Transferred overvoltages in transformers

E.1 General remarks

In some cases, the voitages and surges transferred through the transformer can be decisive
when the overvoltage protection of the transformer is designed. A transformer connected to a
high rating generator or motor with common circuit-breaker and protection is an example of
such a case. Special cases are transformers whose one winding is permanently or occasionally
(due to e.g. circuit-breaker operations) disconnected from the network.

The surges can be transferred through the transformer from one winding system to another. In
certain cases the surge can be transferred also between the phases, which can increase the
stress in an adjacent phase which is already being subjected to a direct surge. Problems are
experienced with (for example) vacuum circuit-breaker switching a motor and in GIS with
surges generated by disconnector operations.

The voltages transferred through the transformers are mainly fast-front or slow-front
overvoltages. The transfer mode depends upon associated rates of change. In principle, the
following transfer modes can come into question:

- electrostatic or capacitive transfer;

— oscillatory transfer through natural osciltations of primary and/or secondary circuits of the
transformer (the earth capacitances and the self-inductances of the windings form the
oscillation circuits);

- normal electromagnetic transfer which depends primarily on the turns ratio, leakage
inductance and loading impedance of the transformer.

The oscillatory component is damped and superimposed on the electromagnetic transferred
component. The osciliatory component is usually small and of secondary importance, if it is not
magnified by resonance effects. Therefore, this transferring mechanism is not considered
further here.

The transferred surge has usually both the capacitively and inductively transferred components
which superimpose to the power-frequency voltage. The eventual voltage rise due to an earth
fault have to be included in the power-frequency voltage. The capacitively transferred
component lays typically in megahertz range and is seen first in the transferred surge. The
inductively transferred component comes after the capacitive one. Its shape and amplitude
change in time because the distribution of the voltage along the primary winding is time-
dependent.

A special case of surge transference is the capacitively transferred neutral potential rise during
earth faults and other unsymmetrical events In transformers where the turns ratio between the
high-and low-voltage windings is exceptionally high (e.g. generator transformers or a
transformer with a tertiary winding) and where the capacitance of the low-voitage side is low.

The magnitude of the transferred voltages depends on the construction of the transformer
(especially the construction of the windings — disc, interleaved winding, etc. — and their order
around the core legs as wefl as the leakage inductances), damping of the winding,
capacitances of the transformer, turns (transformation) vector group, connection to the
network, etc. In addition, the shape of the incoming surge has an important role.
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Some of the constructional factors influencing the magnitude of transferred surges are difficult
to calculate. Therefore, the most practical method to get a quantitative estimate for the
magnitude of these surges is to measure them, e.g. with recurrent surge measurement.

The following explains only the most important features of the overvoltage transference through
transformers. Equations presented can be used only as a rough estimation of the surge
magnitudes. Primary and secondary terms are used independently of the number of windings
and in the direction of normal power transmission so that the surges come in the primary
winding and are transferred from there to the secondary winding.

E.2 Transferred temporary overvoitages

The unsymmetry in the primary phase-to-earth voltages can cause phase-to-earth overvoltages
in the secondary side if the secondary winding is with an isolated neutral and has a remarkably
low rated voltage in respect to the primary winding. The most common cause of voltage
unsymmetry is the earth fauit. The magnitude of the transferred temporary overvoltage
depends on the primary voltage during the earth fault, capacitance ratio of the transformer and
on the eventual additional capacitors connected to the secondary side.

The maximum phase-to-earth overvoltage can be estimated from:

where
Uze is the secondary overvoltage caused by the earth fault in the primary;
Use is the voltage in the neutral point of the primary winding during the earlh fault;

Usn/V3 is the rated phase-to earth voltage in the secondary side;
Ci2 is the capacitance between primary and secondary windings;

C; is the phase-to-earth capacitance of the secondary winding and equipments
connected to it.

The required capacitance values are obtalned from the routine test protocols of the
transformer.

The voltages should rigorously be added vectorially; however, arithmetic addition as given
yields conservative resuits.

Too high overvoltages can occur if the phase-to-earth capacitance of the secondary winding is
too low. For example, the standard power-frequency withstand voltages can be exceeded in the
case of 110 kV transformers if the rated secondary voltage is 10 kV or less.

Another case leading to excessive capacitively transferred overvoftages is when the secondary
winding with an isolated neutral is totally disconnected from the network durlng an earth fault
on the primary side.

The magnitude of these overvoitages can be reduced with the help of additlonal capacltances
which are connected between phase and earth in alt phases on the secondary side. Often a
capacitor of 0,1 pF is enough.

71-2 © IEC: 1996 - 163 -

E.3 Capacltively transferred surges

Capacitively transferred surges are usually critical only when they are transferred from the
high-voltage side to the low-voltage side.

The capacitively transferred surge can originate from the potential rise of the primary winding
caused by incoming fast-front or slow-front overvoltages. They transfer to the secondary
through the winding capacitance as in the case of unbalanced primary voltages but an
important difference is caused by the fact that in the case of rapid primary voltage variations
only those parts of the windings which are near the terminals take part in the surge
transference. Therefore, in a general case, the distributed nature of the capacitances should
be recognized by noting that the surge capacitance of a transformer winding is calculated from
the distributed series and earth capacitances (C; and C, respectively) by:

(E2)

The value of C, can be measured but the value of C; has to be estimated on the basis of the
construction of the windings. Therefore, only the manufacturer can give the value of the
capacitance C,.

NOTE - The validity of the above calculation of Cy is based on the assumption of a high initial distribution

constant of the windings [9). When high-volitage windings with much higher series capacitances (low distribution
constant) are used, this approximation wilt he [ess accurate.

The surge capacitances form a capacitive divider (refer to figure E.1) which can be used in the
rough estimation of the magnitude of the capacitively transferred surges. When the effect of
the power-frequency voltage is encountered, the resuiting initial voltage spike on the open
secondary side is given by:

Urz=gh Ury (E.3)
where
g = Cun/ (Cyn + Cyp): dividing ratio of the divider
h is the power-frequency voltage factor.

The dividing ratio g can range from 0,0 to at least 0,4. It can be estimated from the data
available from the manufacturer of the transformer or measured by low-voltage impuise test.
Delta connection of the low-voltage winding with a star connected high-voltage winding resuits
in a further reduction in the value of parameter g.

The value of the factor h depends on the class of the voltage stress and on the type of
transformer windings tonnections:

- for slow-front overvoltages, it is correct to assume h = 1 (no matter what the windings
connections are);

- for fast-front overvoltages, h > 1 shall be used;
- for star/delta or delta/star connections, h = 1,15 (rough estimate);
~ for star/star or delta/delta connections, # = 1,07 (rough estimate).

In the case of fast-front overvoltages, the value of Ur; can be the protective level of the
arresters connected on the primary side. In the case of slow-front overvoltages, the value of
Usy can be the peak value of the phase-to-earth voltage stress (assuming the arresters wilt not
react).

The magnitudes of capacitively transferred surges are damped due to the losses in the
windings. This effect, as well as the load connected to the transformer, effectively reduces the
magnitude of the capacitive spikes. Usually these overvoltage spikes are critical only in the
case of transformers with large step-down ratios and when only a small capacitance is
connected to the secondary. Critical situations can arise if the incoming surge has a great
steepness or is chopped. Arresters connected to the secondary effectively limit the magnitudes
of the capacitively transferred voltages. The protection can be further improved with additional
capacitors, especially in the case of equipments which do not tolerate voltages with fast rising
fronls (e.g. generators and motors) or if the capacitive ratio of the transformer is unfavourable,
because otherwise the surge arresters on the secondary side might operate too frequently.
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E.4 Inductively transferred surges

inductive transfer of surges is usually the most important transfer mode and takes place
already on moderate rates of voltage changes. Usually, an Inductive surge transfer is
associated with the transient behaviour of the surge voltages and currents in the primary
winding when the Initial distributions change in an oscillatory fashion towards the final voltage
and current distributions. This means that the transferred surge is composed of several
components which oscillate with different frequencies.

In this transfer mode, the transformer operates essentially in its normal mode and conventlonal
power-frequency methods apply in the analysis of the magnitudes and shapes of the surges.
Consequently, the derivation of equivalent circuits and equatlons for the voltage components is
quite easy but, on the other hand, the determination of the values of the needed transformer
parameters is complicated. Therefore, only simple approximative equations are often used for
the determination of surge magnitudes. Consequently, direct measurements can give more
reliable and accurate information on the magnitudes of the inductively transferred surges.

The magnitudes of the inductively transferred surges depend on:

the magnitude of the primary voltage (including the arrester operation);
the duration of the incoming surge;

— the characteristics of the transformer (number of windings and turns ratio, short-circuit
impedances, vector group);

— the surge impedances of the lines connected to the secondary;

— the characteristics of the load.
The surge induced on the secondary side of a transformer may be estimated with the help of
equation (E.4):

Ua=hqJdwUn (E.4)

where

h is the factor defined under equation (E.3);

q s the response factor of the secondary circuit to the transferred surge;

J s the factor dependent on the connection of the windings;

w is the ratio of transformer secondary to primary phase-to-phase voltage.
The response factor q basically determines the amplitude of the oscillation. The magnitude of q
depends on the leakage inductance of the secondary winding, on the load connected to it as
well as on the rate of rise of the incoming surge. Also, the order of the windings around the

core legs influences (even reducing the value of q like the load in other windings) and makes
the predetermination of q difficult.

In the following, some values are given to illustrate the situation in the case of transformers
with disc windings. Manufacturers should be contacted in the case of transformers with other
winding types.

Some typical values for g can be defined as following:

- if the transformer is connected to an overhead line without appreciable load, the value of
q varies for fast-front surges from 0,3 to 1,3 when the rated voltage of the secondary
winding varies from 245 kV to 36 kV;

— for switching surges on a similar system without appreciable load, the usual value is g < 1,8;

— if the transformer is connected to a cable, the usual value is g < 1,0, both for the fast-
front and the slow-front surges.
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Clearly higher values of g can result in the case of a three-winding transformer. Even values
exceeding 1,7 to 2,0 have been recorded for such transformers.

Values of J for a surge on one phase only and for equal surges of opposite polarity on two
phases are shown in figure E.2 for eight different three-phase connections of the transformer,
The figure is based on the assumption thal the system voltage ratio is unity.

Inductively transferred surges from the high-voltage winding to the low-voltage one can be
critical if:

- the secondary voltage winding is not connected to the network;

- the secondary winding has a low rated voltage but a high rated power (e.g. generator
transformers);

-~ the winding is Ihe tertiary of a three-winding transformer.

Inductively transferred surges can be dangerous for the phase-to-phase insulation of the delta-
connected secondary windings, although all terminals of the transformer are equipped with
surge arresters connected belween phases and earth. Therefore, arresters connected between
phases can also be necessary. High overvoltages can occur when the surge is transferred from
the low-voltage winding to the high-voltage one, especially if resonance type voltage rises are
caused.

The protection between phases and earth as well as between phases should be studied case
by case. Necessary information should be required from the transformer manufacturer. Surge
arresters connected between all phases and earth and also between the phases (when needed,
e.g. star/delta connected transformers) usually give an adequate protection. Adding of extra
capacitors does not usually reduce the inductively transferred overvoltages.
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Annex F
(informative)

Lightning overvoltages

F.1 General remarks

The overvoltages in substations depend on amplitude and shape of the overvoltage impinging
on the substation from the overhead line conductor as well as on the travelling wave behaviour
of the substation itself. The frequency with which such impinging overvoltages occur is given by
the lightning performance of the overhead line connected to the substation. For substations or
parts of a substation to which no surge arrester is connected, the most important parameter is
the amplitude of the impinging overvoltage; for substations protected by surge arresters, it is its
steepness and the separation distance between surge arrester and the equipment under
consideration.

The steepness of an impinging overvoltage surge is reduced mainly by corona damping effects
on the overhead line [9]. This means that the steepness of the impinging surge can be only
sufficient to cause a certain overvoltage amplitude if the lightning stroke hits the overhead line
within a certain distance from the substation (see F.2 for detailed explanations). For further
strokes the steepness will be too low, irrespective of the amplitude of the surge.

The knowledge of this limit distance is of primary importance. In defailed digital overvoitage
calculations using transient programs the overhead line should be carefully simulated over this
distance. Recommendations for the necessary parameters to be included in such calculations
are given in [9]. Furthermore, ali simplifications which take into account the frequency of
occurrence of the overvoltage amplitudes are based on similar considerations.

F.2 Determination of the limit distance (Xp)
F.2.1 Protection with arresters in the substation

This subclause contains more detailed information on surge arrester protection discussed in 2.3.4.5.

When more than one overhead line is connected to the substation, the original steepness (S) of
the impinging surge can be divided by the number of lines (). However, it is emphasized that
the number of lines should correspond to the minimum number which reasonably remain in
service taking into account possible outages during lightning storms.

Allowing for the fact that the steepness of the impinging surge reduces inversely with the travel
distance on the overhead line, the steepness S of the impinging surge to be used in equalion
(1) is approximately equal to:

S=11(nKeo X) (F.1)
where

n is the number of overhead lines connected to the substation; if multi-circuit towers are
involved and double-system back flashovers have to be taken into account, it is
recommended to divide the number by two;

K., is the corona damping constant according to table F.1 (ps/(kV.m));
X is the distance between struck point of lightning and substation (m).

NOTE — The formula has been derived with the assumption that the distances between the protected object and
the connection points of the overhead lines result in travel times of less than half the front time of the impinging
surge. The lead between object and connection point, therefore, can be neglected in en approximate estimation.
This approach is justified for determination of the fimit distance in formula (F.2) b here low

of the impinging surge are relevant. For the calculation of actual overvoltages resulting from an assumed
impinging surge. this simplification may be not conservative.
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The use of this steepness value in equation (1) does not yield sufficiently accurate results for
the calculation of overvoltage at the equipment. However, it is sufficient (and conservative) to
estimate the limit distance X, by:
Xo = 2T 1 [nKeo (U = Up)) (F.2)
where
U is the lowest considerad overvoltage amplitude;

T is the longest travel time between any point in the substation to be protected and the
closest arrester (ps);

U, is the lightning impulse protective level of the arrester,

For distances larger than X, the steepness will be reduced such that the overvoltage at the
equipment will in general be smaller than the assumed value U.

Table F.1 — Corona damping constant X,

Conductor configuration Keo (usi(kV.m))
Single conductor 1.5x107°
Double conductor bundle 1,0 x 1078
Three or four conductor bundle 06x107°
Six or eight conductor bundle 0,4 x 10_6

F.2.2 Self-protection of substation

Self-protection of the substation exists when the lightning overvoltage impinging the substation
from the overhead line is decreased below the co-ordination withstand voltage by the
reflections within the substation itself without any action of arresters. The fundamental
requirement is that the number of lines connected to the substation is sufficiently large.

The necessary number of lines can be estimated by:

(F.3)
where
n is the number of overhead lines;
Ug, is the 50 % lightning impulse flashover voltage of the line insulation, negative polarity;

U is the overvoltage amplitude considered.

In addition the impinging surge must not cause too high overvoltages before the reflections
from the additlonal lines act to decrease them. This requirement is fulfilled if the steepness of
the impinging surge is so small due to corona damping effects on the line that the substation
can be considered as lumped element. This can be consldered as valid when the lightning
struck-point is beyond the limit distance:

X284 (Tl Kal) (F.4)
where T is the travel time to the most distant point from the substation busbar (ps).



71-2 © IEC: 1996 -177-

An appreciable self-protection effect may be present in the case of GIS or cable-connected
substations for which the reflections at the line entrance already decrease the overvoltage
below the permitted value. This can be assumed as valid if:

U> (625 /(25 + 2 )Wz (F.5)

where

Z is the surge impedance of the substation;

Z, is the surge impedance of the overhead line.
However, the distance between the lightning struck-point to the substation entrance may not be
so small that the reflection from the substation interferes with the lightning. For this reason the
following minimum limit distance is applicable:

X, = 1 span ~ for shielding failures;

X, = 2 towers — for back flashovers.

F.3 Estimation of the representative lightntng overvottage amplitude

As the full travelling wave calculation including the simulation of the overhead line performance
is extremely difficult, a simplified procedure has been proposed in {9}. This procedure consists
in calculating a lightning current with the desired return rate and calculating the overvoltage by
travelling wave calculations in the substation including a short-line section equivalent circuit.

F.3.1 Shielding penetration

The lightning current determining the impinging surge is determined from the shielding
penetration rate within the timit distance and its probability to be exceeded:
F(h = F(in) + (R ! Ry) (F.6)
where
F(In) is the lightning current probability corresponding to the maximum shielding current;
R, isthe considered return rate;

R, s the shielding penetration rate withing the limit distance.
NOTE - The shielding penetration rate can be obtained from the shielding failure flashover rats by:

(F.7)

where
[ is the shielding failure flashover rate;
F(Je;) is the probability corresponding to the current causing line insulation flashover at negative polarity.

The currents corresponding to the probabilities can be obtained from the lightning stroke
current probability distribution in the shielding failure range to be found in publications.

The amplitude of the impinging overvoltage surge is determined by equation (F.8) and Its
steepness may be assumed to correspond to equation (F.9):

U=2112 (F.8)

S=11 (KaXr) (F.9)
where Xy = Xp / 4.
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Its time to half-value should be 140 ps. If peak values higher than 1,6 times the negative
flashover voitage of the line insulation are obtained, an impinging surge with this peak value
should be used.

The impinging voltage surge is used to perform a travelling wave calculation within the
substation and the representative overvoltages are obtained for this return rate for the various
locations.

NOTE - For some conductor bundles the corona inception voltage can be very high and the assumption of a
linearly rising front may lead to an underestimation of the For such cases, a more suitable
rep ion of the Impinging surge front Is recommended.

g

F.3.2 Back flashovers

The lightning current determining the design impinging surge is determined from the number of
flashes to the overhead line tower and earth-wires within the limit distance and its probability to
be exceeded is:
Fh=R/ R (F.10)

where

R, is the considered return rate;

Ry is the flashing rate withing the limit distance.
The voltage created at the tower footing impedance by this current is determined by its time

response and current dependence. When the extension of the tower footing is within a radius
of 30 m, the time response can be neglected and the tower footing impedance is:

Rng = -2 (F.11)

where
Ric is the low current resistance;
Iy is the limit current (kA).

The limit current /; represents the soil ionization and is evaluated by:

(F.12)
where
p is the soll resistivity (Q.m);
E, is the soil ionization gradient (recommended value: 400 kV/m).
The amplitude of the design impinging surge is then given as:
1-¢1)R/
U|=( 1]I|c (F.13)
/1 +—
Voh

where ¢ is the coupling factor between earth-wire and phase conductor. Typical values are:
— ¢ =0,15 for single earth-wire lines;
— ¢ = 0,35 for double earth-wire lines.

If amplitudes higher than 1,6 times the negative flashover voltage of the line insulation are
obtained, an impinging surge with this amplitude should be used.
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The deslgn Implinging surge has an exponentlally decreasing tail with a time constant t given by
equation (F.14) and a linear increasing front whose sleepness S is given by equation (F.15):

oZebe

= (F.14)
Ic

where

2, is the earth-wire surge impedance. Typlcal values are 500 Q for single earth-wire lines
and 270 Q for double earth-wire lines;

Lsp is the span length (m),
¢ is the light velocity (recommended value: 300 m/ps).
S =11 (KeoX1) (F.15)

where

K. is given by equation (F.1);

Xr is given by equation (F.9).
For travelling wave calculations in the considered substation, a single conductor of the length
Xt and surge impedance equal to that of the phase conductors is connected to the substation.
A voltage source with the internal impedance of the low current footing resistance R is placed

at the end of the conductor. It produces a voltage with the shape parameters of the impinging
surge.

If the impinging surge amplitude is higher than 1,6 times the positive 50 % lightning impulse
flashover voltage, the simplifications are no longer applicable and more careful studies may be
recommendable. The same applies for tower footing extensions larger than 30 m in radius.

Two dependencies of the representative overvoltage amplitude on the return rate are obtained,
one for shielding failures and one for back flashovers. The overall dependency is obtained by
adding the return rates for a constant amplitude.

NOTE - For some conductor bundles the corona Inception voltage can be very high and the assumption of a
linearly rising front may lead to an underestimation of the overvoitages. For such cases, a more sultable
repi ion of the impinging surge front is recommended.

F.4 Simplifled method

A further simplification to the procedures described in F.2 and F.3 is to apply the basic
principies given there, but to adopt the following assumptions:

— all lightning events within a certain distance from the substation cause higher
overvoltages at the protected equipment than an assumed value, and all events outside this
distance lower values;

— the overvoltage at the equipment can be calculated according to equation (1) and
equation (F.1).

As mentioned already both assumptions are not strictly valid. Firstly, not ali events within a
certain distance are equally severe. They depend on the lightning current or on the amplitude
of the impinging overvoltage surge. Secondly, the overvoltages may be higher than that
calculated with equations (1) and (F.1). However, current practice of equipment protection by
surge arresters has shown that both inaccuracies sufficlently cancel each other.
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As regards the distance X to be applied in equation (F.1), it has been shown that back
flashovers do not occur at a tower close to the substation owing to the substation earth. The
minimum value of X is one overhead line span length. The representative steepness S, to be
applied in equation (1), therefore, is equal to:

Sip = 11 [KeolLsp + Lb)] (F.16)

where L = (R / Rkm)is the overhead line section in which the lightning flashover rate is
equal to the desired return rate [8].

NOTE ~ The equation is derlved from the observatlon that back-flashovers do not occur at the tower close to the
substation owlng to the good substation earthing and that shielding failures do not occur in the first span of the
overhead line. Therefore, there Is a minimum travel length of the impinging surge which results in a maximum
possible steepness. The analytical expression used in formula F.18 is an approximation to this observation.
Alternatively, Instead of the sum. the higher value of the span length or the fength L, can be used.

Thus, introducing S;, in equation (1) and putting A = 2 / (K., ¢) for transmission lines, the
dependence of the representative lightning overvoltage on the return rate is obtained by:

Up=Uy+ 3L (F.17)

U, is the representative lightning overvoltage amplitude (kV);

A is a factor given in table F.2 describing the lighting performance of the overhead line
connected to the station;

Un  is the lightning impulse protection level of the surge arrester (kV);

n Is the minimum of lines connected to the substation (n=1 or n=2);

L is the separation distance: L = a1 + @, + a; + as as shown on figure 3 (m);
Lsp is the span length (m);

L is the overhead line length with outage rate equal to adopted return rate (m);
R, isthe adopted overvoltage return rate (1/year);

R« is the overhead line outage rate per year for a design corresponding to the first
kilometre in front of the station (see equation (F.16)) {usual unit: 1/(100 km.year);
recommended unit: 1/(m.year)].

The co-ordination withstand voltage is obtained by replacing L, by the line length L, which
yields an outage rate equa!l to the acceptable failure rate R,:

(F.18)
and the co-ordination lightning impulse withstand voltage is equal to:
A L
Uy =Ug + = ——— F.19
AT P (F.19)

where

Uew is the co-ordination lightning impulse withstand voltage;

La is the overhead line section with outage rate equal to acceptable failure rate;
R, is the acceptable failure rate for equipment.

For transmission fines, the factors A are obtained from table F.2 and the corona damping
constants K., from table F.1. For distribution systems, lightning overvoltages are usually
multiphase and current sharing of the phase conductors has to be considered. For steel towers
the flashovers of more than one tower during a lightning stroke lead to a further reduction of
the lightning overvoltages. For these lines the factor A has been matched with the service
practice.
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GIS are, in general, better protected than open-air substations owing to a surge Impedance
much lower than that of the overhead lines. A generally vatld recommendation for the
estimation of the amelloration obtalned for GiS as compared to open-air substatlons cannot be
made. However, the use of the equation (F.19) for the open-alr substation results in
conservative estimates of the co-ordination lightning impulse withstand voltage or of the
protective range and a reduction of the ratio A/n to half the value used for outdoor stations is
still suitabte.

Table F.2 - Factor A for vartous overhead lines
(applicable in equations (F.17) and (F.19))

|— i Type of line A

(kV)

Distribution lines (phase-phase flashovers):

— with earthed crossaims (fiashover to eerth at low voltage) 900

- wood-pole lines (fleshover to earth at high voltage) 2700

Transmisslon lines (single-phase flashover to earth)

- single conductor 4500

- double conductor bundle 7000

- four conductor bundle 11000

- six and eight conductor bundle 17000

F.5 Assumed maximum value of the representative lightning overvoltage

For new stations, where lightning insulation performance of existing stations is known, the
assumed maximum vatue of the representative overvoltage may be estimated by:

(F.20)

where

U is the assumed maximum representative overvoltage;

Uy is the lightning impulse protective level of the surge arrester;

n is the minimum number of in-service overhead lines connected to the station;
L =ay+ a, + ay + a, (see figure 3).

The index 1 refers to the situation for which service experience has been satlsfactory, and the
index 2 to the new station situation.

Alternatively, the assumed maximum value can be obtained by assuming the return rate in
equation (F.16) equal to zero thus teading to L, = 0, and:

AL
Up=Uy+=— (F.21)
m=%pl anp
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Annex G
(informative)

Calcufation of air gap breakdown strength
from experimental data

The intent of this annex is not to provide the apparatus committees with a method to calculate
air clearances. The purpose is rather to provide help to the user to estimate the size of
equipment and the dielectric strength of alr gaps for the purpose of determining the
atmospherlc correction factor.

It must be noted that the formulae provided here are based on experimental data and for the
purposes of insulalion co-ordination. For distances greater than 1 m they can be assumed to
give an approximate fit to these experimental results.

The user who is tempted to use these formulae to verify the minimum clearances given in
annex A or to justify a deviation from those values glven in annex A should do so with caution.
The values given in annex A do not correspond to Uso but to withstand conditions and embody
addltional considerations including feasibility, economy, experience and environmental
conditions (pollution, rain, insects, etc.).

Discrepancies may be particularly significant for distances less than 1 m where the accuracy of
the given formulae is questionable.

G.1 Insulation response to power-frequency voltages

For air gap breakdown under power-frequency voltage, the iowest withstand voltage is obtained
for the rod-plane gap configuration. The 50 % breakdown voltage for a rod-plane gap may be
approximated by the following equation, for air gaps dup to 3 m:

Usore = 750 V2 In (1+0,55 d*?) (kV crest, m) (G.1)

The peak value of Usorp under power-frequency voltage is about 20-30 % higher than the
corresponding value under positive switching impulse at critical front time. Withstand can be
taken to be 90 % of Uso, based on an assumed conventlonal devlation of 3 % of Uso.

The influence of gap configuration on the strength is generally lower under power-frequency
than under switching impulse:
— it is quite small for gaps up to about 1 m clearance;

— for gaps larger than 2 m, the strength can be evaiuated according to the following
equation (applicable to dry conditions):

Uso = Usore (1,35 K- 0,35 K?) (G.2)
where K is the gap factor (determined from switching impulse tests) as shown in tabte G.1;
— for gaps between 1 m and 2 m, formula (G.1) can be used with the knowledge that the
results will be conservative.

When insulators are present, the flashover voitage can substantlally decrease with respect to
the reference case (the same air gap without insuiators), especially in conditions of high
humidity.
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In general, discharges under power-frequency voltage and normal operating conditions and
under temporary overvoltages will be caused by exceptional reductions in insulation withstand
strength due to the severe ambient conditions or by aging of the insulation properties of the
equipment.

The influence of rain on air gaps is negligible, especlally for configurations presenting the
lowest strength. However, rain can reduce the external dielectric strength of insulators,
especially for post insulators with small distance between sheds. The degree of reduction
depends on the rain rate, the insulator configuration and the conductivity of water.

Rain, together with pollution, can drastically reduce the insulation strength. The worst condition
is usually caused by fog or light rain together with the polluted insulators (see 3.3.1.1). These
conditions may in fact dictate the external insulation design. Comparative insulation
contamination levels can be simulated by the equivalent salt deposit density (ESDD) in grams
per square metre of NaCl. ESDD relates the steady-state conductivity of dissolved contaminant
to an equivalent amount of dissolved NaCl. The determination of the ESDD requires an
analysis of either performance of existing insulation in the area or statistical data gathered from
on-site investigations.

Analysis of existing performance may be the more desirable but may not provide sufficient
information if existing insulation never suffers potlution flashovers.

Analysis of statistical data requires several years of on-site monitoring as data is gathered by
direct measurement of ESDO from washdown of exposed insulators or by other methods, e.g.
leakage current measurement, chemical analysis or conductivity measurements.

NOTE - The applicability of the concept of ESDD to non-ceramic insulators is not cleer. The present research
indicates that the phenomanon of surface hydrophobicity may be more important. The user is advised to use
caution.

The statistical description of ambient conditions usually requires a greater amount of data. The
statistical description of aging is even more difficult. Therefore, statistical procedures are not
recommended in this guide for estimation of the insulation response at power-frequency
voltages.

G.2 Insulation response to slow-front overvoltages

Under stress from slow-front surges, a given self-restoring insulation exhibits an appreciably
lower withstand voltage than under fast-front surges of the same polarity. As a result of
numerous switching impulse tests, air gaps can be characterized by the minimum strength
observed for the critical time-to-crest, as a function of the geometrical characteristics of the air
gap which are mainly the gap spacing d and the electrode configuration. Among the different
gaps of spacing d, the positively stressed rod-plane gap has the lowest strength and is used as
a reference. For rod-plane gaps of length up to 25 m, experimental data for positive-polarity
critical-front-time strength can be reasonably approximated by [11]:

Usorp = 108010 (0,46 d + 1) (kV crest, m) (G.3)
For standard switching impulses, the following formula provides a better approximation {12}:
Usorp = 500 d *® (kV crest, m) (G.4)

Formulas (G.3) and (G.4) are applicabte to sea-level (H = 0). Therefore, correction for altitude
is required (according to 4.2.2) when applying the insulation co-ordination procedure.
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Insulators in the air gap generally decrease the breakdown strength, for positive slow-front
impulses. For dry cap and pin insulators, the influence is small but can be important for post
insulators.

For other gap configurations, a gap factor as described in table G.1 is applied as follows:
Usp = K Usore (G.5)

Note that for K 2 1,45, the breakdown voltage under negative polarity may become lower than
that for positive polarity.

For phase-to-phase configurations, a similar gap factor may be applied. in this case however,
the gap factor is influenced not only by the gap configuration, but also by the ratio « defined as
the peak negative component divided by the sum of the peak negative and positive
components (see annex D).

Table G.2 gives typical values of gap factor for usual phase-to-phase gap geometries for a = 0,5
and « = 0,33.

NOTE ~ For any given gap configuration, actual gap factors can only be determined accurately by testing.

G.3 Insulation response to fast-front overvoltages

Under fast-front impulse stress, the negative polarity breakdown strength of a rod-plane gap
configuration is much higher than that with positive polarity stress. Furthermore, the gap
strength when plotted against the gap clearance is non-linear with negative polarity while it is
linear with positive polarity. For standard lightning impulses applied to rod-plane gaps from 1 m
up to 10 m, the experimental data for positive polarity strength may be approximated by:

Usorp = 530 d (kV crest, m) (G.6)

In general, the gap factors applicable to switching impuise are not directly useable for lightning
impulse strength. However, experimental results have shown that for positive polarity the
breakdown gradient for a general air gap in per unit of the breakdown gradient for a rod-piane
gap increases linearly with switching impulse gap factor for positive impulse stress. The gap
factor K¢ for fast-front lightning impulses of positive polarity can be approximated in terms of
the switching impulse-gap factor as follows:

K =074 + 0,26 K (G.7)

For the purpose of estimating the breakdown strength of overhead line insulator strings for
negative polarity, in order to determine the magnitude of surges impinging on a substation, the
following formula may be used:

Usqg = 700 d (kV crest, m) (G.8)

The formulas (G.6) and (G.8) are applicable to sea-level (H = 0). Therefore, correction for
altitude is required (according to 4.2.2) when applying the insulation co-ordination procedure.

For configurations such as conductor-upper structure and conductor-crossarm, the influence of
the insulators on the strength is negligible so that the strength of these configurations is close
to that of air gaps.
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For other unusual configurations and particularly when large clearances are involved (like in
range ll), specific testing is advised for accurate results. For these configurations, the
presence of insulators between the electrodes can play an important role on the discharge
process, thus also heavily affecting the value of Us,. The degree of influence depends on
insulator type (capacitance between units, distance between metal parts along the insulator
set). A lower influence is to be expected for insulators with few metal parts (e.g. post
insulators, long rod. composite). The generallzation of the results similar to that made for
configurations without insulators is not easy when cap and pin insulators are included in the
gap. It can be stated however that the influence of cap and pin insulators is reduced when the
stress on the first insulator at both extremities of the string is reduced using shielding rings. It
is also reduced for more practical configurations with insulators at both extremities less
stressed than in the case of rod-plane gaps.

For air gaps, the conventional deviation is about 3 % of Use under positive impulses and about
5 % of Uso under negative impulses. When insulators are present, the conventional deviation is
increased reaching a maximum of 5§ % to 9 % in connection with cases presenting the largest
reduction of Usq. In other cases, a value close to that of air gaps is applicable.

The influence of rain on a flashover voltage is generally secondary, both in the case of air gaps
and insulator strings.

For fast-front overvoltages, the time-to-breakdown is markedly infiuenced by the amplitude of
the applied impulse relative to the breakdown voltage. For impulses close to the value of Usp,
flashover occurs on the tail of the standard impulse. As amplitude is increased, time to
flashover decreases giving rise to the well-known volt-time curve.
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Tableau G.1 ~ Typlcal gap factors K for switching impulse breakdown
phase-to-earth (according to [1] and [4])

Paramelers Typlcal range Refsrence value
K 136 - 1,58 1,45
Dp/Dy 1 - 2 1,5
o Ht/ D4 3,34 - 10 6
Ht
¥ S/104 0,167 - 0.2 0.2
Conductor - Crossarm™
-\L. s.
K 122 - 1.32 1,25
HYD 8 - 67 6
! i
i S/D 04 - 041 0.2
Conductor - Window /1/
! 1,15 147
1,18 - 1,35 ! :
K Conductor-Plane__ Conductor-Rod
H't/Ht 075 - 075 0 0,909
HtD 3 - 3 Q 10
S/0 1,4 - 0,05 0
K 1,28 - 163 1,45
HY/D 2 = 10 6
S0 1 - 01 0.2
|
K 1,03 - 1,68 1,35
H't/Ht 02 - 09 o
%
D41 Ht 01 - 08 0.5
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Table G.2 — Gap factors for typical phase-to-phase geometries

Configuration a=0,5 a=0,33
Ring-ring or large smooth electrodes 1,80 1,70
Crossed conductors 1.65 1.53
Rod-rod or conductor-conductor (along the span) 1,62 1,52
Supported busbars (fittings) 1,50 1,40
Asymmetrical geometries 1.45 1,36

NOTE - According o (1] and [4].
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Annex H
(informative)

Examples of insulation co-ordination procedure

The insulatlon co-ordination procedure includes determining the voltage stresses from all
origins on equipment and the corresponding electrlc strength required based on acceptable
margins of protectlon or acceptable levels of performance. These margins (or levels) are
mostly emplrical.

As described in figure 1 of IEC 71-1, there are in fact four main steps in this insulation co-
ordination procedure, which can be identifled as follows:

- step 1: determination of the representative overvoltages (Uy,);
— step 2: determination of the co-ordination withstand voltages (Uew):
— step 3: determinatlon of the required withstand voltages (U,y);
— step 4: determination of the standard withstand voltages (U,).

These main steps, with associated links connecting them, will be illustrated in some examples
contained in thls annex. Not only will the required standard withstand voltages be determined
but also the caiculation related to phase-to-ground and phase-to-phase clearances will be
lllustrated, as applicable.

The representative overvoltages are not, strictly speaking, the overvoltages that occur in the
system but are overvoltages that represent the same electric stress on the equipment as the
actual overvoltages. Thus, if the assumed actual overvoltage has a shape different from the
test shape, the representative overvoltage may have to be modified accordingly so that the
tests truly verify the insulation strength.

In matching the voltage stresses with the electric strength, one has to take into account the
various types of voltage stresses and the corresponding response of the insulation. This
Involves making a distinction between self-restoring (external) insulation and non-self-restoring
(internal) insulation. For non-self-restoring insulation, the stress-strength co-ordination is made
using deterministic methodology whereas for self-restoring insulation a statistical methodology
can be used where this is convenient. The following examples attempt to present all these
considerations.

H.1 Numerlical example for a system In range | (with nominal voitage of 230 kV)

The system analysed corresponds to that shown in figure 11. The process of insulation co-
ordination is applled to station 1 assumed to be a new station.

For equipment in range i, IEC 71-1 specifies short-duration power-frequency and lightning
impulse withstand voltages.

The evaluation of the requlred slow-front (switching) withstand voltages Is followed by thelr
conversion into equivalent power-frequency and fast-front (lightning) withstand voltages. This
example includes such a conversion procedure.

For normal systems in range |, the insulation co-ordination procedure leads to the genera!
philosophy of specifying one standard insulation leve! (a set of standard withstand voltages)
applicable phase-to-phase and phase-to-earth.

This is illustrated in the first part of the example where no “abnormal” operating condition is
considered.
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However, as a second part of the example, to show the importance of considering stresses
from all origins and their Influence on this general phllosophy, such special operating
conditions (consisting of capacitor switching at station 2) are considered.

In the third part of this example, flow charts summarize intermediate and final results obtained
along the different steps of the insulation co-ordination procedure.

For the purpose of this example, one will assume the following basic data:

— the highest system voltage is U; = 245 kV;
— the pollution level is heavy (refer to table 1);
— the altitude is H= 1000 m.

H.1.1 Part 1: no special operating conditions
H.1.1.1 Step 1: determination of the representatlve overvoltages — values of U,
H.1.1.1.1  Power-frequency voltage

For the insulation co-ordination procedure, the most important reference voltage is the
maximum continuous operating voitage Us. For the system analysed, while the nominal voltage
is 230 kV, the value of U, is confirmed to be 245 kV (r.m.s., phase-to-phase). The system,
including compensation, is designed to operate at or below this limit. Obviously, the installed
equipment should have a Un equal to or greater than Us.

The new station 1 is to be located adjacent to a major thoroughfare where salt, spread on the
road in winter, can be expected to lead to heavy pollution. Because of this environment, the
performance requirements of external insulation at power-frequency will be met by specifying
an artificial pollution test corresponding to pollution level lil of table 1. Accordirig to the same
table, the minimum creepage distance recommended for insulators is 25 mm/kV.

H.1.1.1.2 Temporary overvoltages

One source of temporary overvoltages is earth faults (refer to 2.3.2.1) giving rise to phase-to-
earth overvoltages. System studies have been made taking into account the system neutral
grounding characteristics, and the earth-fault factor has been found to be k = 1,5 (such a figure
is just for the purpose of the example; in fact, a value of 1,5 is rather unusual at a voltage level
of 230 kV where a value not greater than 1,3 is normally expected). The corresponding phase-
to-earth representative overvoltage is U, = 212 kV.

Another source of temporary overvoltages is load rejection (refer to 2.3.2.2) which produces
overvoitages affecting both phase-to-phase and phase-to-earth insulation. Analysis and system
studies have shown that generator overspeed and regulation combine to produce overvoltages
of 1,4 p.u. at station 1 (which is also rather high) which results in phase-to-earth and phase-to-
phase representative overvoltages of U,, = 198 kV and U,, = 343 kV.

As mentioned in 2.3.2.5, an earth fault can combine with load rejection to give rise to other
overvoltage amplitudes. In this example, such a combination does not occur because after load
rejection, the system configuration has changed: circuit-breakers at station 1 have opened,
external infeeds are gone, and the earth-fault factor (k) at station 1 has been reduced below 1
(with the delta/grounded Y generator step-up transformer).
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The representative temporary overvoltages are the highest obtained considering afl possible
sources:

— phase-to-earth: Uy, =212 kV;
- phase-to-phase: U,, = 343 kV.

H.1.1.1.3  Slow-front overvoltages

System studies have confirmed that sfow-front overvoltages from remote lightning strokes
(refer to 2.3.3.5) are not a problem in the system under consideration. On the other hand, slow-
front overvoltages due to earth faults need to be considered only in systems with resonant
neutral earthing (refer to 2.3.3.2) which is not the case in this example.

For the determination of the representative overvoltages, it may be necessary to distinguish
between equipment at the line entrance which can be in the open-end condition during
energization or re-energization at remote end (station 1), and equipment on the source side at
the local end (station 2) which will be affected in a different way and by different stresses.

Particular surges affecting line entrance equipment (at station 1)

System studies using the phase-peak method (refer to annex D) have shown that line re-
energization from station 2 can result in 2 % overvoitages at the open-end line entrance at
station 1 of us; = 3,0 p.u. and u,; = 4,5 p.u. The representative overvoltages for external line
entrance equipment, before applying surge arresters, are the truncation values of these
overvoltage distributions. As shown in annex D:

~ Upt=1,25 g - 0,25 Uot = 700 KV,
— Uy =1,25 Upz - 0,43 Upt = 1039 kV.

Surge affecting all equipment (at station 1)

All the equipment located in station 1 is subjected to slow-front overvoltages due to local line
energization and re-energization. However, these sending end surges are much lower than at
the receiving end: for station 1, system studies result in u,; = 1,9 p.u. and u,; = 2,9 p.u.
Corresponding values are Ug, = 425 kV and U, = 639 kV.

Surge arresters at the line entrance (at station 1)

To control the possible severe overvoltages originating from remote re-energization, metal-
oxide surge arresters are installed at the line entrance (refer to 2.3.3.7), identical to those
planned for transformer protection. The rating of these arresters is such that they can sustain
the worst temporary overvoltage cycle (amplitude and duration). Their protection characteristics
are:

- switching impulse protective level: U, = 410 kV;
lightning imlelse protective level: Uy = 500 kV.
As explained in 2.3.3.7, with the use of surge arresters the slow-front representative
overvoltages can be directly given by U, (phase-to-earth) or 2 U,, (phase-to-phase) if these
protection values are lower than the corresponding maximum slow-front overvoltage stresses
(Uet and Uy values). This is the case for any stress except for line entrance equipment, phase-
to-phase, so that the representative slow-front overvoltages are:
- phase-to-earth: U, = 410 kV (or any equipment;
~ phase-to-phase:
U, = 639 kV for any equipment except at line entrance;
U,, = 820 kV for equipment at line entrance.
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H.1.1.1.4  Fast-front overvoltages

In this example, only fast-front overvoltages from lightning have to be considered. A simplified
statistical approach will be used which leads directly to the co-ordination withstand voltage
(step 2 below), bypassing the need for a representative overvoltage.

H.1.1.2  Step 2: determination of the co-ordination withstand voltages - values of U

According to clause 3 of the guide, different factors have to be applied to the previously
determined values of representative overvoltages. These factors, which may vary with the
shape of the considered overvoltage, take into account the adopted performance criteria (the
economic or operational rate of failure which is acceptable) and the Inaccuracies in the input
data (e.g. arrester data).

H.1.1.2.1 Temporary overvoltages

For this class of overvoltages, the co-ordination withstand voltage is equal to the representative
temporary overvoltage (refer to 3.3.1). in other words, the co-ordination factor K. is equal to 1.
Therefore:

— phase-to-earth: Ug, = 212 kV;

— phase-to-phase: U, = 343 kV.
H.1.1.2.2 Slow-front overvoltages
The deterministic approach will be used. With such an approach, one must take into account
that surge limitation by an arrester distorts the statistical distribution of these surges, creating a
significant bulge in the probability distribution of surges at about the arrester protective level
(refer to 3.3.2.1). Therefore, small uncertainties related to the arrester protective characteristic
or to equipment strength could lead to an abnormally high Increase in the failure rate. Figure 4

takes this into account by applying a deterministic co-ordination factor K to the arrester
protective level to obtain the U, values.

For line entrance equipment:

— phase-to-earth: U,s! U,z = 410/600 =0,68 = Ko =1,10;
— phase-to-phase: 2 U4/ U,z = 820/900 =0,91 = K =1,00.

For all other equipment:

— phase-to-earth: Ups/Us2 = 410/380 =1,08 = Kgq4=1,03;
- phase-to-phase: 2 Ups/Up, = 820/580 =1,41 = K =1,00.

The resulting co-ordination withstand voltages are Keq x Uyp:

For line entrance equipment:
— phase-to-earth: Uew = 1,1 x 410 = U =451 kV;
— phase-to-phase: Uew = 1,0 x 820 = U =820 kV.
For all other equipment:

— phase-to-earth; Uew = 1,03 x 410 = U =422 kV;
— phase-to-phase: Uew =1,0x 639 = U =639 kV.

71-2 ©|EC: 1996 -207 -

H.1.1.2.3  Fast-front overvoltages

A statistical approach is used {refer to 3.3.3.2), and more specifically, a simplified statistical
approach (refer to F.4). Here, the factor to be applied to U,, is based on experience with
particular line construction and on the calculated effect due to the separation between the
arrester and the protected equipment.

One determines the length L, of overhead line with an outage rate equal to the acceptable
failure rate R,. Then, taking account of the separation distance L, the number of lines n
entering the station, and the span length L, ,one calculates the effective protective level of the
arrester, which is the desired value U,,,.

For this example, the following data are available: many arresters with a lightning protective
level of 500 kV are located at different places (at line entrance and near the transformers). The
maximum separation distance for internal insulation is 30 m; for external insulation, it is 60 m.
Two steel tower lines characterized by A = 4500 (refer to table F.2) and with a span length of
300 m are connected to the station. The lightning performance for such lines is one outage per
100 km per year. For the equipment to be installed in station 1, an acceptable failure rate is
defined as 1in 400 years.

Using equation (F.18), the value of L, = 0,25 km is found. Introducing the value of L, and other
parameters in equation (F.19) the co-ordination withstand voltage is found:

— for internal insulation:

* Uew =500 +{ (4500 /2) x 30/ (300+250) } = Uew = 622 kV;
— for external insulation:
* Uy =500 +[ (4500 / 2) x 60 / (300+250) } = Uew = 745 kV.

Fast-front overvoitages affect the phase-to-phase and the phase-to-earth insulations in the
same way.

H.1.1.3 Step 3: determination of the required withstand voltages — values of U,,
The required withstand voltages are obtained by applying to the co-ordination withstand

voltages two correction factors (refer to clause 4): factor K, which takes into account the
altitude of the installation, and a safety factor K;.

H.1.1.3.1  Safety factor

The recommended values for the safety factor K; are defined in 4.3.4. The factor K; is
applicable to any type of overvoltage shape (temporary, slow-front, fast-front), phase-to-phase
and phase-to-earth:.

—~ for internal insutation: K, = 1,15;
— for external insulation: Ks = 1,05.
H.1.1.3.2 Atmospherlc correction factor
The altitude correction factor K, is defined in 4.2.2 (equation (11)). The factor K, is applicable

to external insulation only and its value depends on the overvoltage shape {via parameter min
equation (11)).

For power-frequency withstand, short-duration tests on polluted insulators are required and:

= m=0,5.
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For switching impulse withstand, the value of m is a functlon of the co-ordlnatlon withstand

voltage according to figure 9:

— phase-to-earth: U, = 451 kV = m=0,94;
— phase-to-phase: U, = 820 kV = m=1,00.
For lightning impulse withstand: = m=1,00.

The instaliation is at an altitude H = 1000 m. The corresponding values of K, are:

— for power-frequency withstand:
- for switching impulse withstand:

Ks = 1,063 (phase-to-phase and phase-to-earth);
K = 1,122 (phase-to-earth),

Ks = 1,130 (phase-to-phase);

— for lightning impulse withstand:
H.1.1.3.3 Requlred withstand voltages

The values for the required withstand voltages are obtained from
values found in step 2 and K, and K, values found in step 3.

For temporary overvoltages:
— external insulation:
« phase-to-earth = Une =212 x 1,05 x 1,063 =
« phase-to-phase =  Umw =343 x 1,05 x 1,063 =
— internal insulation:

phase-to-earth
* phase-to-phase

For slow-front overvoltages:

For line entrance equipment

— external insulatlon:
* phase-to-earth
« phase-to-phase

For other equipment
— external insulation:
* phase-to-earth
« phase-to-phase
~ internal Insulation:
+ phase-to-earth

* phase-to-earth

For fast-front overvoltages:

— external insulation:
= phase-to-earth
* phase-to-phase
— internal insulation:
« phase-to-earth
« phase-to-phase

Uw=212x1,15
U = 343 x 1,15

Uw =451 x 1,05 x 1,122
Uy =820x1,05x 1,13

Uy =422 x1,05x 1,122
U, =639%x1,05x%x1,13

Un =422 1,15
Uy = 639 % 1,15

U =745x1,05 x1,13
Uw=745%x1,05x 1,13

Uy =622 x 1,15
Uw=622x1,15

Ks = 1,130 (phase-to-phase and phase-to-earth).

2 U = Ugy Ky Koo With Ug

Uy, = 237 kV,
Uy, = 383 kV;

U = 243 kV,
Up, = 395 kV.

Uny = 531kV,
U = 973 kV.

Upy = 497 KV,
Uy = 758 kV.

Upy = 485KV,
Up = 735 KV.

Uy = 884 kV,
U = 884 kV.

Uno = 715KV,
Uny = 715 KV.
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H.1.1.4  Step 4: converslon to withstand voltages normallzed for range |

In range |, the insulation level is normally described by a set of two values as shown in table 2
of IEC 71-1: a short-duration power-frequency withstand voltage and a lightning impuise
withstand voltage. Table 2 gives the test conversion factor to be applied to the required
withstand voltage for siow-front overvoltage to get such an equivalent set of values.

H.1.1.4.1  Conversion to short-duration power-frequency withstand voltage (SDW)

For line entrance equipment:

— externai insulation:

* phase-to-earth =  SDW =531x (0,6 + 531/ 8500) =352 kV;
+ phase-to-phase = SDW=973x(0,6 +973/12700) = 658kV.
For other equipment:
~ external insulation:
* phase-to-earth =  SDW =497 x (0,6 + 497 / 8500) = 327 kV;
« phase-to-phase =  SDW =758 x (0,6 + 758/12 700) = 500 kV:
- internal insulation:
* phase-to-earth = SDW =485x0,5 = 243 kV,
+ phase-to-phase = SDW=735x0,5 = 367 kV.
H.1.1.4.2  Converslon lo lightning impulse withstand voltage (LIW)
For line entrance equipment:
— external insulation:
* phase-to-earth = LIW =531 x 1,30 = 690 kV;
* phase-to-phase = LW =973 x (1,05 + 973/9000) = 1127 kV.
For other equipment:
— external insulation:
* phase-to-earth = LIW =497 x1,30 = 646 kV;
+ phase-to-phase = LIW = 758 x (1,05 + 758 / 9000) = 860 kV;

— internal insulation:
* phase-to-earth = LIW = 485 % 1,10 = 534 kV;
« phase-to-phase = LIW=735x1,10 808 kV.

H.1.1.5 Step 5: selection of standard withstand voltage values

Table H.1 summarizes values U, of minimum required withstand voltages obtained from
system studies (results in step 3) which become minimum test values to be applled to verify
these withstands in terms of short-duration power-frequency, switching impulse and lightning
impulse tests. in range |, the required switching impulse withstand voltage is normally covered
by a standard short-duration power-frequency test or by a standard lightning impulse test.
In table H.1, values obtained after such conversions are indicated under U (resuits from
step 4). In this example, converted values for a lightning impulse test are retained so that
converted values for a short-duration power-frequency test need no more consideration.
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Table H.1 — Summary of minimum required withstand voltages obtalned for
example H.1.1 (part 1, without capacitor switching at remote station
(station 2))

Values of U : External insulation
— in kV r.m.s for short-duration power
frequency Line Qther Internal
- in kV peak for switching or lightning Sniance equipment insulation
impulse equipment
Unty) | Uwiar | Unwts) Unwiey Unwis) Unwtey

Short-duration phase-earth 237 352 237 327 243 243
power-frequency phase-phase 383 658 383 500 395 367
Switching phase-earth 531 497 - 488 -
impulse phase-phase 973 - 758 - 735 -
Lightning impulse phase-earth 884 690 | 884 646 715 534

phase-phase 884 1127 884 860 715 808

Standard voltages to be defined for the purpose of the short-duration power-frequency and
lightning impulse tests have to be selected taking into account results shown in bold characters
in table H.1 (highest value of minimum withsland required U, or converted value Unyc)) and
standard values proposed in IEC 71-1, 4.6 and 4.7 Normally, specified voltages are chosen in
such a way as to correspond to a standard insulation level as defined in 3.33 of IEC 71-1 and
shown in table 2 of IEC 71-1.

Standardized values of 395 kV (for short-duration power-frequency) and 950 kV (for lightning
impulse) correspond to such a standard insulation level for a system with U, = 245 kV; these
values will cover any insulation, phase-to-earth and phase-to-phase, except the phase-to-
phase external insulation at line entrance for which a 1127 kV minimum withstand value is
required. However, in this example, three-phase equipment is not installed at line entrance so
that a minimum phase-to-phase clearance can be specified instead of testing. According to
table A.1, a clearance of 2,35 m between phases would be required for line entrance
equipment, corresponding to a standard lightning impulse withstand voltage of 1175 kV. A
minimum phase-to-earth and phase-to-phase clearance of 1,9 m is required for any other
external insulation not located at line entrance. These clearances are solely based on
insulation co-ordination requirements.

It will be noted that, for external phase-to-earth insulation, the high value specified for the
short-duration power-frequency test (395 kV) is well above minimum requirement related to
temporary overvoltages (237kV). However, a 395 kV value corresponds to the standard
insulation level having the required lightning withstand level of 950 kV. Refinements in studies
could lead to lower requirements by one step for the phase-to-earth external insulation
(360 kV/850 kV).

For the internal insulation, the selection of the same standard insulation level as for external
insulation could be considered as leading to too much margin with respect to required lightning
withstand voltages (715 kV phase-to-earth and 808 kV phase-to-phase). Other choices,
considering the economical issue, are possible (refer to subclause 4.9 of JEC 71-1):
specificatlon of a lightning impulse withstand voltage of 850 kV, phase-to-phase and phase-to-
earth; or 750 kV phase-to-earth with a special phase-to-phase test at 850 kV. However, the
short-duration power-frequency test at a minimum value of 395 kV must be kept. Even if
acceptable, the final issue related to these other choices would lead to a rated Insulation level
not corresponding to a standard insulation level as defined in IEC 71-1.
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H.1.2 Part 2: influence of capacitor switching at station 2

This second part of the example H.1 deals with an additional slow-front overvoltage possibility
originating from capacitor bank switching done at station 2 (remote station). All the other
stresses considered in part 1 are present at their same values, with the same arrester
implementation at station 1.

Results from system studies show that ali equipment at station 1 (including line entrance
equipment in normal operating closed condition) Is subjected to severe voltage surges due to
capacitor bank energization at station 2. These surges propagate and, due to amptification
phenomenon (resonance at given frequencies), show the following maximum amplitudes at
station 1:

— phase-to-earth:
= Us =500 kV;

= Uy =575kV;
— phase-to-phase:
* Uy, =750 kV;

+ Uy =852kV.

For the open-end line entrance equipment, the highest slow-front surges are those related to
line re-energization described in part 1. But for all other equipment, the slow-front surges
governing the insulation co-ordination procedure are now related to capacitor bank switching in
station 2, which are higher than surges originating from local energization and re-energization
(described in part 1). Hereafter, we will deal only with this type of stress (new slow-front
surges), conclusions for the other types of stress (temporary and fast-front overvoitages)
remaining lhe same as discussed in part 1.

Values of representative slow-front overvoltages U,, are now controlled by the surge arrester
protection characterlstic because Ups < Uy and 2 Uy, < Uy, so that:

~ phase-to-earth: Uy, = 410 kV;

- phase-to-phase: Uy, = 820 kV.
To obtain the slow-front co-ordination withstand voltages U.,, a deterministic co-ordination
factor K is applied to U, values by following the same procedure described in part 1:

- phase-to-earth: U,/ Us2 =410/500 = 0,82 = K4 = 1,10 = U, = 451 kV;

— phase-to-phase: 2 Ups/ Uy, =820/750 =1,09 = K4 =1,00 = U, = 820 kV.
The values for the safety factor K; and for the atmospheric correction factor K, keep

approximately the same values as in part 1 so that the resulting required withstand voltages U,
are:

- external insulation:
* phase-to-earth = Uw =451x1,05% 1,122 = Uy =531kV,;
+ phase-to-phase = Uyw=820%x1,05%x1,13 = U,=973kV,
— internal insulation:
« phase-to-earth = Un =451 x 1,15

)

Uew = 518 kV;
* phase-to-phase = Uw =820 x 1,156 = Up =943 kV.
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The required withstand voltages for slow-front surges are converted into short-duration power-
frequency and lightning impulse withstand voltages (refer to part 1 for detailed Information).

Conversion to short-duration power-frequency withstand voltage (SDW):

— external insulation:
= phase-to-earth

U

SDW =531 x (0,6 + 531 /8500) =352kV;

* phase-to-phase SDW =973 x (0,6 +973/ 12 700) =658 kV;

U

— internal insulation:
= phase-to-earth = SDW =518 x 0,5 =259 kV;
» phase-to-phase = SDW =943 x 0,5 =472 kV.
Conversion to lightning impulse withstand voitage (LIW):
— external insulation:
*+ phase-to-earth = LIW =531x 1,30 =690 kV;
+ phase-to-phase = LIW =973 x(1,05+973/9000) = 1127 kV;
- internal insulation:
+ phase-to-earth = LIW =518x 1,10 =570 kV;
+ phase-to-phase = LIW =943 x 1,10 = 1037 kV.

Tabte H.2: Summary of required withstand voltages obtalned for example H.1.2
(part 2, with capacitor swilching at remote station (statlon 2))

Values of U are: External insulation
~ In kV rms for short-duration power internal
frequency Line entrence Other Insufatlon
~in kV peak for switching or lightning eqipment equipment,
impulse
Unt) | Unite) | Unetw) | Urwic) Unwis) Untey
Short-duration phase-earth 237 352 237 352 243 259
power-frequency phase-phase 383 658 383 658 395 472
Switching imputse phase-earth 531 - 531 - 518 -
phase-phase 973 - 973 - 943 -
Lightning impu! ph: th 884 690 884 | 690 715 570
phase-phase 884 1127 884 1127 715 1037

Table H.2 reflects the minimum withstand (or test) values required to take into account the
different overvoltage stresses related to part 2 of example H.1. Minimum values required for
the short-duration power-frequency and lightning impulse withstand tests are shown in bold
characters.

A comparison between table H.2 and table H.1 shows the impact of slow-front overvoltages
due to capacitor switching at station 2, mainty on phase-to-phase switching impulse
requirements and on the resuiting equivalent minimum testing values.
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For external Insulatlon, including longltudinal insulation, the same standard Insulation fevel
defined in part 1 (395 kV/950 kV) is also applicable here, no phase-to-phase test being
required if a 2,35 m phase-to-phase clearance (corresponding to a standard lightning impulse
withstand voltage of 1175 kV) is adopted for all external equipment (not only at line entrance as
for part 1).

For the internal insulatlon, a standard insulation level applicable phase-to-phase and phase-to-
earth of 460 kV /1050 kV, corresponding to Un = 245 kV, can be chosen (refer to table 2 of
IEC 71-1). This corresponds to one standard insulation level higher than in part 1 of this
example, and is due to the switching of a capacitor at the remote station. Lower, phase-fo-
earth insulation levels, as discussed in part 1, could be retained but in any case a special
phase-to-phase test at 1050 kV would be required.

H.1.3 Flow charts related to example H.1

The following flow charts summarize the insulation co-ordination procedure and the results
obtained along the different steps. The fiow charts include results obtained without (part 1) or
with (part 2) capacitor switching at station 2.

It shouid be noted that this example does not consider any means of mitigation to reduce the
severe slow-front overvoltage surges from capacitor switching. As mentioned in 2.3.3.6, such
measures couid be considerad, such as the use of closing resistors at the remote station, to
obtain a substantial reduction of slow-front stresses with a consequent reduction of withstand
levels to be selected. This implies the necessity for additional system studies taking into
account the presence of the means of mitigation and, on the basis of the new representative
stresses found, to restart the insulation co-ordination procedure. For the particular example
discussed here, this would lead to a reduction of some of the requirements obtained (inscribed
under step 5 of the flow chart), such as the phase-to-phase lightning impulse withstand voltage
for internal insulation and the phase-to-phase clearance for external insulation.
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1,0 p.u = 200 kV (crest)

U (p-8) = 212 kV

Loed rejection H

Urp (p-e) = 198 kV

Max. overvoitage = 1,4 p.u,

Urp (p-e) = 343 kV

Resuiting representative overvoltages

Phase-to-earth : Up, (p-8) = 212 kV

Phase-to-phase : Uy, (p-p) = 343 kV

Overvoltages origineting from station 1 |

!

Energizetion and re-er { I

1N}

Us2 = 1.9 p.u.
Up2 =29 p.u,

¥

Ut = 2,12 p.u.
up = 3,19 p.u.

T

I Arresters at line entrance and near transformers : Up, =410 kV, Uy = 500 kV J
+ +
r For line entrance equipment ] ' For other equipment
With or without capacitor switching l
Ust > Ups Upt > 2 Ups Capacltor switching at station 2
T 4 No 1 Yes

Phase-to-earth : Up = Up, = 410 kV

Phase-to phase : Uy, = 2 U, = 820 kV

Uyp (p-e) = 410 kV
Uy (p-p) = 839 kV

Uyp (p-e) = 410 kV
Uy, (p-p) = 820 kV

Evafuatedin step 2
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1) Kea = 1,00
2) Kes = 1.00
- —_ -
a k
Retalned values : |
1) Keg = 1,10
2) Koo = 1,03 |
—————
Ucw = Kea X Upp 1) Uew = 451 kV 1) Uew = 820 kV |
Uew = 820 kV 2) Uew = 422 kV 2) Ucw = 639 kV
at station 2. -

a) From re-aniergization at statlon 2.
b) From capacitor swilching at station 2

1) With capacitor 'swﬂchihg
2) Without capacitor switchi

ng et station 2.

Simplified statistical method used

Parameter « A » :

Span length :

Outege rate :
Acceptable failure rate :

A =4500
Lep=300m
1/100 km. yoar
1/400 years

Arrester lightning protection levei : Up = 500 kV
Max. separation from Internal Insuiation : £ =30m
Max. separation from external insulation: L = 60 m

+

internel Insulatlon :
External Insulation :

Uow = 622 kV
Uew = 745 kV

La=250m
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Internat insulalion : K = 1,15

External insulation : K, = 1,05

Altitude H= 1000 m

' Switching impulse withstand l [ Lightning impulse withstand

I Powar-frequency withstand
Fhase-(oiarlhl IPhase-Qnophas:‘ Fhass-lo-nﬂllb |Phasu-lo-phue| Ifhasa-m-eaﬂ I

[""“-9‘ l l m=1.0 ] m=1,0
rK'”’"z | ! "-‘1'1301 i Ka=1,130

-

internal insulation: Uyw = Uew x K,

External Insulation: Uyw = Usw X Ky x Ky

I Temporary overvoltage withstand rSwilching impulse withstand | Lightning impulse withstand

! S et

Phase<lcvphasel IPhssa-(o- enrlhl Phase-lo-phase

Phase-to-earth

i ! N i i
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External Insulation ;
- phase-to-earth
- phase-to-phase

Internal Insulation :

- 227 -

Converston factors

0.6 + Un/8500
0,6 + Uw/12 700

Converslon factors

External Insulation :
- phase-to-earth 1.3
- phase-to-phase 1,05 + Un/9000

Internal Insulation :

Internal Insulation
- phase-to-earth

- phase-to-earth 0.5 - phase-to-earth 11
- phase-to-phese 0,5 - phase-to-phase 11
- i + 1
Line entrance Other Line entrance Other
equipment equipment equipment equipment
I i L : i
External Insulation External Insulation External Insulation External Insulation
- phase-to-earth - phase-to-earth - phase-to-aarth - phase-to-earth
352 kv 1) 352 kV 890kV 1) 690 kV
2) 327 kV 2) 646 kV
- phase-to-phase - phase-to-phase - phase-to-phase - phase-to-phase
658 kV 1) 658 kV 1127 kV 1) 1127 kV
2) 500 kV 2) 860 kV

internal Insulation
- phase-to-earth

1) 259 kV | ) 1) 570 kV
2 1) Y capaciion swtching LS
- phase-to-phase af station 2, - - .. - phase-to-phase
1) 472 kV W 1) 1037 kV
2) 367 kV Sahaut capacltor switehing | ) gog kv
. E [ 3
Without capacitor switching With capacitor switching
et remote station. at remote station.
Refer to explanations Refer to explanations
related with table H.1 related with table H.2
395 kV /950 kV. - 395 kv / 950 kV
Standard Insulation {eve| ; Applicable to any insulation Extarnal insulation

Extgrnal insulatlon

No phase-to-phase test required
if clearances ara:

- for llne_entrance equipment : .
- for other equipment

nl 0| N Nt
Minimum standard lightning
impulse levsl: I
- phase-to-earth !

Internal Internel Line Line Internal fnternal
insulation insulation entrance entrance insulation insulation
243 kV 395 kV qulp t quip 715kV 715 kV
External Externai
Insulation Insulation
External External 531 kV 973 kV External External
237 kV 383 kV Other Other 884 kV 884 kV
Internal Internal
Ingulation Insulation
1) 518 kV 1) 943 kV
2)485 kV 2) 735kV
External Externa!
fnsulation Insulation
1) 531 kV 1) 973 kV
2) 497 kV 2) 758 kV 1) With capacltor switching st station 2,
2) Without capacl at statlon 2.

> phase-to-phase :

460 kV / 1050 kV
Internal insulation

2235 m

~235m
750 kV 750 kV
850 kV 1050 kV
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H.2 Numerlcal example for a system In range [l (with nominat voltage of 735 kV)
For the purpose of this example, one will assume the following basic data:

— the highest system voltage is: U = 765 kV;
— the pollution level is low to medium (refer to table 1);
— the altitude is: H= 1000 m.

The altitude level is here assumed so as to cover ali possible locations. The pollution level is
assumed sufficiently mild that the standard insulation levels (and clearances) can be determined
by the voltage stresses (usually the slow-front overvoltages for systems in range II).

Considerations of tower design such as conductor size and phase-to-phase spacing do not fall
into the category of insulation co-ordination procedure. Only the phase-to-earth clearance
results from the insulation co-ordination procedure since it depends on the slow-front
overvoltages (in range Il). Lightning considerations may dictate the type of overhead ground
wires and counterpoise wires but this is generally the result of a separate study based on
keraunic levels. Thus the transmission line design is not usually specified in terms of standard
insulation levels but rather in terms of tower dimensions.

H.2.1 Step 1: determination of the representative overvoitages — values of U,

The representative temporary and slow-front overvoltages are usually determined from system
studies (transient network analyser or digital simulation or a comblnation of both). For this
exampie, results from such studies confirmed the following values:

-~ temporary overvoltages: U, = 660 kV (r.m.s., phase-to-earth);

— slow-front overvoltages: U,z = 1200 kV (peak, phase-to-earth; phase-peak method).

H.2.1.1 Power-frequency and temporary overvoltages

The high level of temporary overvoltage (1,5 p.u.) is associated with situations invoiving long
lines radially fed after a major load rejection. For systems in range Il, the two standard
withstand voltages normally specified are the lightning and the switching impulse levels. The
conversion of the required short-duration power-frequency withstand voltage into an equivalent
required switching impulse withstand voltage is discussed under step 4 of this example.

H.2.1.2  Slow-front overvoltages

The slow-front overvoltage is related to line reclosing and is limited to about 2,0 p.u. by the use
of closing resistors implemented on line circuit breakers.

The surge arrester rating is also determined from these same system studies (normally from
the temporary overvoltage characteristics: amplitude and duration) and, for the particufar case
of this example, the following protection ievels were determined:

- switching impulse protective level: U,, = 1300 kV (peak value);

- lightning impulse protective level: Uy = 1500 kV (peak value).

H.2.1.3 Fast-front overvoltages

The simplified statistical method for fast-front overvoltages will be used, leading directly to the
co-ordination withstand voltage.

in this step and those that follow, only the phase-to-earth insulation is considered. Phase-to-
phase insulation co-ordination will be treated at the end of the example as a separate item
(see H.2.6).
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H.2.2 Step 2: determination of the co-ordination withstand voltages - values of U,

The co-ordinalion withstand voltage s obtained by applying a co-ordination factor (K.) to the
representative overvoltages, this factor being either K4 for the deterministic method or K., for
the statistical method. Thus the determination of the co-ordination withstand voitages must be
carried out for internal insulation (such as transformers) and external insulation separately.

H.2.2.1 U,y for internal Insulatlon

In this step, the determination of U, for internal insulation is carried out for power-frequency,
slow-front and fast-front overvoltages.

H.2.2.1.1 U, for temporary overvoltages

For this class of overvoltages, the co-ordination withstand voltage is equal to the representative
temporary overvoltage (refer to 3.3.1). In other words the co-ordination factor K. = 1.
Therefore:

— phase-to-earth: U, = 660 kV.
H.2.2.1.2 U, for slow-front overvoltages

For equipment protected by surge arresters, the maximum slow-front overvoltage (and thus the
slow-front representative overvoltage) is equal to the switching-impulse protective level of the
surge arrester, namely 1300 kV.

This value of 1300 kV must be adjusted by the co-ordination factor K.s to account for the
skewing of the statistical distribution of the slow-front overvoltages as discussed in 3.3.2.1.
It can be seen from figure 4 that for a ratio of U,/ Us, = 1,08 (1300/1200) the value of K4
is 1,03. Hence, the co-cordination withstand voltage for slow-front surges is 1340 kV:

— representative slow-front overvoitage: U, = 1300 kV;
— deterministic co-ordination factor: Kea = 1,03 kV;
— co-ordination withstand voltage: Uew = 1340 kV.

H.2.2.1.3 U, for fast-front overvoltages

For equipment protected by surge arresters, the maximum fast-front overvoltage (and thus the
fast-front representative overvoltage) is equal to the lightning-impulse protective level of the
surge arrester, namely 1500 kV.

However, to this value of 1500 kV, one must add a voltage equal to AL/(n (L., + L,)) according
to equation (F.19) to take into account the separation distance L between the surge arrester
and the protected equipment, as explained in 2.3.4.5.

The parameters are obtained as follows:
- A: from table F.2 (for an assumed four conductor bundie) is 11 000;
—~ n: the minimum number of connected overhead lines is assumed equal to two for this example;
—~ L:isequalto a; + a, + a; + a4 according to figure 3; is assumed equal to 40 m for this example;

—~ Lyp: length of the first line span is assumed equal to 400 m for this example;

-~ La: length of overhead line section with flashover rate equal to the acceptable failure rate.
If the acceptable failure rate is assumed to be 1/(500 year) or 0,002/year and the line
lightning flashover rate is 0,15/(100 km.year), then L, is 1,3 km.

Then, the separation term AL/(n(L, + Ls)) is 130 kV.
~ Representative fast-front overvoitage: Urp = 1500 kV.

— Correction value for separation: 130 kV.
—~ Co-ordinalion withstand voltage: Uy = 1630 kV.
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H.2.2.2 U, for external insulation

Determination of the co-ordination withstand voltage for external insulation is carried out for
slow-front overvoltages using the statistical method because of the nature of the Insulation. A
statistical method could also be applied to fast-front overvoltages but this is generally not
necessary for voltages in range Ii; refer to H.2.2.2.2 below.

H.2.2.21 U, for temporary overvoltages

These are the same as for the internal insulation (H.2.2.1.1).

H.2.2.2.2 U,y for slow-front overvoltages

The value of the statistical co-ordination factor K., comes from choosing a risk of failure of the
insulation that has been proven from experlence to be acceptable. The relation between
the risk of failure R and K is shown in figure 8 and, for a usually acceptabte value of R in the
range of 10, the value of Kes is 1,15. Hence the co-ordination withstand voltage is
U, = 1200 kV x 1,15 = 1380 kV:

— statistical overvoltage: Uy = 1200 kV;
— statistical co-ordination factor: Kes = 1,15;
— co-ordination withstand voltage: Uew = 1380 kV.

H.2.2.2.3 U for fast-front overvoltages

The determination of the co-ordination withstand voltage for fast-front overvoltage is not
necessary since the lightning impulse withstand voltage of the minimum clearances that result
from the switching impulse withstand voltage will be far in excess of those that should be

determined solely by the lightning impulse withstand voltage required for the non-self-restoring
insulation.

This is demonstrated at the end of this example when the question of air clearance to ground is
discussed.

H.2.3 Step 3: determination of the required withstand voltages — values of Uw

The required withstand voltage is obtained by applying a safety factor K to the co-ordination
withstand voltage as explained in 4.3.4. The values of K, are given as:

— for internal insulation: K, = 1,15;
— for external insulation: Kg = 1,05.

For external insulation, an atmospheric correction factor K, is also applied (refer to H.2.3.2 below).

H.2.3.1 U,y forinternal Insulation

~ U for temporary overvoltages: U = 660kV;
~ Safety factor: Ks = 1,15;
— U, for temporary overvoltages: Uyw = 759kV;
— U.w for slow-front overvoltages: Usaw = 1340kV;
— Safety factor: K = 1,15;
— U for slow-front overvoltages: Un, = 1540kV;
~ Uy for fast-front overvoltages: U = 1630kV;
— Safety factor: K, = 1,15;

- U, for fast-front overvoltages: Uy = 1875kV.
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H.2.3.2 U, for external insulation
For power-frequency we will determine the atmospheric correction factor assuming we require

a short-duration power-frequency test on pofluted insulators, for which m = 0,5 and assuming
H=1000m, K,= 1,063.

Hence U,,, = 660 x 1,063 x 1,05 = 737 kV:

- U, for temporary overvoltages: Uyw = 660kV;
— atmospheric correction factor: K, = 1,063;
- safety factor: Ks = 1,05;

— Up for temporary overvoltage: U = 737kV.

The atmospheric correction factor K, for slow-front overvoltages is based on the assumed
altitude as explained in 4.2.2 and equation (11). For H= 1000 m and m = 0,6 (from figure 9),
then K, = e®®’ = 1,07. Hence U,, = 1380 kV x 1,07 x 1,05 = 1550 kV:

-~ U, for slow-front overvoltages: Uew = 1380kV;
- atmospheric correction factor: Ka = 1,07;
— safety factor: Ks = 1,05
— U,y for slow-front overvoltages: Unw = 1550 kV.

H.2.4 Step 4: conversion to switching impulse withstand voltages (SIW)

Referring to clause 5.1, the required short-duration power-frequency withstand voltages are
converted to an equivalent switching impulse withstand voltage (SiW), according to table 3.

-~ For Internal insulation: SIW = 759 x2,3=1746kV.
- For external insulation: SIW = 737x1,7=1253kV.

H.2.5 Step 5: selection of standard insulation levels

The standard withstand voltages U, are obtained from the required withstand voltages by
chooslng the next highest value from the standard values listed in IEC 71-1.

H.2.5.1 U, for internal insulation

For the temporary overvoltage stresses, a switching withstand voltage of 1750 kV would be
required according to step 4. Considering this last requirement, many options are available. At
first, a value of 1750 kV is not standardized in IEC 71-1, the highest one being 1550 kV, so that
a switching test at such a value would be considered as a special one. Another option is to
realize an alternative test, as mentioned in 5.4 of |[EC 71-1, to verify the withstand of internal
insulation to power-frequency. For this example, an applied voltage test at a minimum value of
660 kV (1,5 p.u.) for a minimum duration of 1 min is required. It is recommended to refer to
standards issued by the relevant apparatus committee (as for power transformers) which give
more detailed information relative to such a test. For instance, to avoid saturation, such a test
is performed with a source whose frequency is three or four times the nominal frequency. Also,
fixed values are recommended for voltages and durations associated with the different cycles
involved in such a test (such as 1,7 p.u. during 7200 periods followed by 1,5 p.u. for 1 h).

— U for slow-front overvoltages: Un, = 1540 kV.
— Standard switching-impulse withstand voltage: Uy = 1550 kV.
— U for fast-front overvoltages: U = 1875 kV.
— Standard lightning impulse withstand voltage: U, = 1950 kV.
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H.2.5.2 U, for external Insulation

The lightning impulse withstand voltage of 1950 kV would apply to the external insulalion of
equilpment protected by arresters, such as transformers and shunt reactors.

In the case of equipment remotely located from the surge arresters such as current
transformers, circuit-breakers, disconnectors and buswork, the separation distance (see
2.3.4.5) has a greater Impact and for this example it is decided to choose one step higher in
the lightning impulse withstand voltage. Hence, for this equipment the standard lightning-
impulse withstand voltage is U, = 2100 kV.

— U, for slow-front overvoltages : U = 1550 kV.
— Standard switching impulse withstand voltage: U, = 1550 kV.
Standard lightning impulse withstand voltage (protected equipment): U, = 1950 kV.
— Standard lightning impulse withstand voltage (unprotected equipment): U, = 2100 kV.
The standard switching impulse withstand voltage of 1550 kV is more than sufficient to cover

the required switching impulse withstand voltage of 1253 kV converted from the power-
frequency requirements (external insulation).

H.2.6 Considerations relative to phase-to-phase insulation co-ordination

The phase-to-phase dielectric strength of the external insulation of three-phase equipment is
usually tested with equal impulses of positive and negative polarity. The actual test values are
determined from a consideration of the positive and negative slow-front overvoltages (which
are the most critical) as explained in D.4. Based on this subclause, the assumption is made
that B = 0,6 from which F, = 0,463 and F, = 0,074. In this example, the value of B (B = tg ¢)
comes from figure D.5 which gives an inclination angle ¢ = 30° for the considered three-phase
equipment (height above earth = 16 m and phase-to-phase distance = 8 m). The required test
voltages are obtalned as foliows:

— phase-to-earth slow-front overvoltage: Uz = 1200 kV;
phase-to-phase slow-front overvoltage: Up2 = 2040 kV.
The phase-to-earth slow-front overvoltage was determined in H.2.1. The phase-to-phase slow-
front overvoltage is found from figure 2: at U,; = 1,92 p.u., the ratio of Uy, / U, is 1,7 which
glves Uy, = 2040 kV. Equation (D.14) gives the phase-to-phase representative overvoltage:
Upze = 2 ( Fy Uy + F Uy, ) = 2067 kV.

The co-ordination phase-to-phase withstand voltage is obtained applying a co-ordination factor
Ks = 1,15;

Us-cw = Kes Upz.o = 2377 kV.
The required phase-to-phase withstand voltage is based on an allitude correctlon factor
K, = 1,07 and a safety factor K, = 1,05 (the same procedure as for phase-to-earth Insulation,
see H.2.3):

Up.w = Ka Kz Up.cw = 2670 kV.

Test values are thus specified as + 1335 kV but, as these are not standard values, the test
itself is not a standard test since there is very little three-phase equipment at the 735 kV level.
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For the temporary overvoltage, we have a representative overvoltage of 660 kV phase-to-earth
from step 1 ylelding a phase-to-phase voltage of 1143 kV. This results in the same value for
the co-ordination withstand voltage since K. = 1,0 as in step 2. Applying the safety factors and
atmospheric correction factors, we obtain the required withstand voitages:

— internal insulation :  Un, = 1143 x 1,15 = 1314 kV;
1143 x 1,063 x 1,05 = 1276 kV.

- external insulation ;: Uy,
These are converted into phase-to-phase switching impulse withstand voltages (SIW):

internal insulation : SIW = 1314 x 2,3 = 3022 kV;
— external Insulation : SIW = 1276 x 1,7 = 2169 kV.
The previously determined switching impulse test voltage of 2670 kV is adequate to cover the

external insulation power-frequency requirement but not the internal insulation. Special
measures as described in H.2.5.1 would be required.

H.2.7 Phase-to-earth clearances

The required phase-to-earth clearance for switching impulses can be obtalned from table A.2
and a standard switching impulse withstand voltage of 1550 kV.

For the conductor-structure configuration (slow-front gap factor K = 1,35), the minimum
clearance is 4900 mm. For the rod-structure configuration (slow-front gap factor K < 1,15), the
minimum clearance is 6400 mm. The lightning impulse withstand voltage of such clearances
can be estimated from the formulae glven in annex G. Using equation (G.7) to obtain the
equivalent fast-front gap factors, we obtain:

- conductor-structure: K = 0,74 + 0,26 x 1,35 = 1,05;
— rod-structure: K§ =0,74 + 0,26 x 1,15 = 1,04.
Using K{f = 1,04 to be conservalive, we oblain from equations (G.6) and (7):
~ Usore = K 530 d = 1,04 x 530 x 4,9 = 2700 kV and
— LIW = Usorp = 1,3 Z= Usore (1 — 1,3 2) = 2700 (1 ~ 1,3 x 0,03) = 2595 kV,

which is well above the standard lightning impulse withstand voltage of 2100 kV from H.2.5.2.

H.2.8 Phase-to-phase clearances

The required phase-to-| phase clearance can be obtained from equatlon (D.12) which states that
Up' = U' + BU where U," is an equivalent phase-to-earth voltage that represents the effect of a
positive voltage on one phase (U') and a negative voltage on the other phase (U"). From the work
carrled out in H.2.6, with the values of U'= U = 1335 kV and with B = 0,6, one can find U," as:

Up*" = 1335 x 1,6 = 2136 kV
The corresponding value of Usq is given by Usg = Use / 0,922 = 2317 kV, d is obtained from
equatlons (G.3) and (G.5) and for gap factors K = 1,62 (parallel conductor configuration) and
K = 1,45 (rod-conductor configuration):
2317 = K 1080 in (0,46 d + 1)

from which phase-to-phase clearances are:

—~ conductor-conducter: d = 6,0 m;
-~ rod-conductor: d=7,4 m,
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From table A.3, a standard phase-to-earth switching impulse withstand voltage of 1550 kV
leads to standard phase-to-phase minimum clearances of 7,6 m (conductor-conductor) and
9,4 m (rod-conductor). Therefore, use of the above-calculated clearances would require a
special test.

H.3 Numerlcal example for substations In distribution systems with U, up
to 36 kV In range |

For equipment in this voltage range, IEC 71-1 specifies standard rated short-duration power-
frequency and lightning impulse withstand voltages. The selection of these values is illustrated
in table H.3 for U, =24 kV, where the values are examples and not valid for general
application.

For the purpose of this example, one will assume the following basic data:

— the highest system voltage is: U, = 24 kV;
— the pollution level is: light;
— the altitudeis: #= 1000 m.

The altitude levet here is assumed to cover all possible locations.

H.3.1 Step 1. determination of the representative overvoltages - values of U,
H.3.1 1 Power-frequency and temporary overvoltages

Owing to the neutral earthing practice, the highest overvoltages phase-to-earth originate from
earth faults. Values up to the highest system voltage are frequent. In this example the
representative temporary overvoltage is the assumed maximum value equal to the highest
system voltage 24 kV.

Overvoltages phase-to-phase originate from load rejections. A full load rejection in the
distribution system itself does not cause substantial high overvoltages. However, a load
rejection in the transmission system, to which the distribution system is connected, may have
to be considered. In this example it is assumed that the load rejection temporary overvoltage
reaches 1,15 times the highest system voltage, which is 1,15 x Us = 27,6 kV or approximately
28 kV. This value is assumed to be the highest possible voltage stress and thus is the
representative temporary phase-to-phase overvoltage: U, = 28 kV.

H.3.1.2 Slow-front overvoltages

Overvoltages may originate from earth faults or line energization or re-energization. As
distribution transformers usually remain connected during a re-energization of lines, and as the
reclosing is not fast, the presence of trapped charges is improbable. The re-energization
overvoltages, therefore, have the same probability distribution as those due to energization.
The 2 % values in table H.3 are selected according to annex D for the phase-peak method
taking into account the usual operation conditions, no closing resistors, complex feeding
network and no parallel compensation. The 2 % values are assumed to be w,; = 2,6 p.u.
(phase-to-earth) and u,, = 3,86 p.u (phase-to-phase).

As the deterministic insulation co-ordination procedure is sufficient for distribution systems and
as surge arresters do not usually limit slow-front overvoltages in this voltage range, the
representative slow-front overvoltages U, are considered to correspond to the truncation
values U, and U, of the overvoltage probability distributions. With the formulae of annex D the
truncation values are obtained: u, = 3,0 p.u. which leads to U, = 59 kV phase-to-earth and
Uy, = 4,4 p.u. which leads to Uy = 86 kV phase-to-phase.
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H.3.1.3 Fast-front overvoitages

With the exception of motor switching by some type of circuit-breakers, fast-front overvoltages
due to switching operations can be neglected.

Fast-front lightning overvoltages are transmitted on the lines connected to the substation. The
simplified method described in F.4 is applied to estimate the return periods of the
representative lightning overvoltage amplitudes. No reference value is specified and, therefore,
no value can be given in table H.3.

H.3.2 Step 2: determination of the co-ordination withstand voltages — values of Ue,
H.3.2.1 Temporary overvoltages

As the previously defined representative temporary overvoltages correspond to the maximum
assumed voltage stresses, the deterministic insulation co-ordination procedure is applicable
(see clause 3). The deterministic co-ordination factor is K; = 1 and the resulting co-ordination
power-frequency withstand voltages U, correspond to the representative overvoltage values
Up (Uew = Ko Usp = Uyp).

H.3.2.2  Slow-front overvoltages

The co-ordination withstand voltages U, are obtained as: Uq, = Keg Uyp. The deterministic co-
ordination factor is K.4 = 1 because the insulation co-ordination procedure is applied to the
truncation values of the overvoltage distributions (no skewing effect as discussed in 3.3.2.1).
Therefore, in this example, values of the co-ordination withstand voltages are the same as
those for representative siow-front overvoltages: U, = 59 kV phase-to-earth and U, = 86 kV
phase-to-phase.

H.3.2.3  Fast front overvoltages

For the determination of the co-ordination lightning impulse withstand voltages, the following
values are assumed:
- the arrester lightning impulse protection level is Uy =80 kV;
— four wood-pole. lines (n = 4) are connected to the station. Referring to table F.2, the
corresponding value for the factor Ais 2700;
- the observed overhead line outage rate is Rim = 6/(100 km.year) or in the recommended
units Rem = 6 % 10°%/(m.year);
— the span length is L, = 100 m;
— the acceptable failure rate is R, = 1/400 year.
As it is common practice to install arresters close to the power transformers, the separation
distance may be different for internal insufation (example: 3 m) and external insulation

(example: 5 m). Therefore, the co-ordination withstand voltages values U, may be different
for different equipment.

With these values the overhead line section, in which the outage rate will be equal to the
acceptable failure rate, will be in accordance with equation (F.18):

L,=42m

This means that protection is required for lightning strokes to the first span of the overhead
line.

The co-ordination lightning impulse withstand voltages are obtained according to equation
(F.19) as U.w = 94 kV for internal insulation (power transformer, distance to the arrester = 3 m)
and U, = 104 kV for the more distant externat insulation.
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H.3.3 Step 3: determination of required withstand voltagss — values of Un,

The required withstand voltages are obtained by applying the recommended safety factors (see
4.3.4) and the altitude correction (see 4.2.2). For the example glven, it is assumed that
substations of the same design shall be used up to altitudes of 1000 m.

H.3.3.1 Safety factors
The recommended safety factors from 4.3.4 are:

— forinternal insulation : K = 1,15;
— for external insulation : K, = 1,05.

H.3.3.2 Altitude correction factor

The altitude correction factor is defined in 4.2.2. It is applicable to the external insulation only
and its value depends on the overvoltage shape (parameter min equation (11)).

— For power-frequency (clean insutators), m = 1,0.

— For slow-front overvoltages, the value of m depends on the value of U.,. For values of
Uy less than 300 kV phase-to-earth or 1200 kV phase-to-phase, m = 1,0.

— For lightning impulse withstand, m = 1,0 and K, = 1,13.
H.3.3.3 Temporary overvolitage
— Phase-to-earth:
internal insulation = Uw=Uwx1,15=24 x1,15=28kV;
externalinsulation = Uy = Uawx 1,05x 1,13 =24 x1,05x 1,13 =28kV.
— Phase-to-phase:
internal insulation U = Uwx 1,15=28x 1,15 = 32 kV;
external insulation = Uy = Ugy x 1,05 x1,13 =28 x 1,05 x 1,13 = 33 kV.

4

H.3.3.4 Siow-front overvoitage
— Phase-to-earth:
internal insulation

l

U = Uew x 1,15 =59 x 1,15 = 68 kV;

external insulation = Uy = Uqwx 1,05 x 1,13 =59x1,05x 1,13 =70 kV.
— Phase-to-phase:

internal insulation = Uyw=Uwx115=86x1,15=99 kV;

external insulation =  Uw = Uy, x 1,05 x 1,13 = 86 x 1,05 x 1,13 = 102 kV.

H.3.3.5 Fast-frontovervoltage
— internal insulation: = Uw=Uw x1,15=95x1,15=109 kV;
- external insulation: = Un = Uz x 1,05 x1,13=95x1,05%x 1,13 = 125 kV.

H.3.4 Step 4: conversion to standard short-duratlon power-frequency and
lightning impulse withstand voltages

For the seiection of the standard withstand voltages in table 2 of {EC 71-1, the required
switching impulse withstand voitages are converted into short-duration power-frequency
withstand voltages and into lightning impulse withstand voltages by applying the test
conversion factors of table 2 (for internal insulatlon, factors corresponding to liquid-immersed
insutation are selected).
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H.3.4.1 Converslon to short-duration power-frequency withstand voltage (SOW)
— Phase-to-earth:
internal insulation = SDW=U,x05=68x0,5=34kV;
external insulation = SDW = U, x 0,6 =70x0,6 =42kV.
- Phase-to-phase:
internal insulation = SDW=U, x05=99x0,5=50kV;
external insulaton = SDW =U, x 0,6 =102x0,6 =61KkV.

H.3.4.2  Conversion to lightning impulse withstand voltage (LIW)
— Phase-to-earth:
internal insulation = LIW=Upx1,10=68x1,1=75kV;
external insulation = LIW =U,, x1,06=70x1,06=74 kV.
- Phase-to-phase:
internal insulation = LIW=0U,,x1,10=99x 1,1 =109 kV;
external insulation = LIW = U,, x 1,06 =102 x 1,06 = 108 kV.

H.3.5 Step 5: selection of standard withstand voltages

Table 2 of IEC 71-1 gives for U, = 24 kV a standard short-duration power-frequency withstand
voltage of 50 kV. This is adequate to cover the requirements for temporary overvoltage and all
slow-front overvoltages except the phase-to-phase requirement for external insulation which
can be accommodated by adequate air clearances. Table 2 of JEC 71-1 provides three possible
values for the standard lightning impulse withstand voltage for U, = 24 kV. Selection of a value
of 125 kV covers the lightning impulse requirement as well as the switching impulse withstand
voltage for external phase-to-phase insulation.

H.3.6 Summary of insulatlon co-ordination procedure for example H.3

Table H.3 summarizes values obtained while completing the insulation co-ordination procedure
for this example, for a considered maximum operating voltage Uy = 24 kV.
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Table H.3 = Values related to the insulation co-ordination procedure for example H.3
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ANEXO E
DETALLE DE LA SUBESTACION JULIACA (DIAGRAMA UNIFILAR, PLANOS

DE PLANTA Y PERFIL - FUENTE: RED DE ENERGIA DEL PERU S.A.A
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