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SUMARIO 

En el presente informe de suficiencia describirá una metodología de cálculo de 

coordinación de aislamiento basado en normas IEC 60071-1 e IEC 60071-2, las cuales se 

adjunta en el Anexo B y C, y su aplicación a una subestación del Área Operativa de la 

Zona Sur del Perú con la finalidad de verificar el equipamiento desde el punto de vista de 

la coordinación de aislamiento y proponer el equipamiento necesario para mejorar la 

protección contra descargas atmosféricas, en caso se requiera. 
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PROLOGO 

El Perú 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 inducción 

de elevados niveles de sobretensiones en los equipos de intemperie y de interior de las 

subestaciones, ocasionando fallas con o sin daño del aislamiento, propiciar el 

funcionamiento imprevisto de unidades de protección con consecuencias difícilmente 

previsibles. 

También, cuenta con subestaciones que están expuestas a cambios de configuración 

debido a ampliaciones, crecimiento del sistema y, al incremento de la potencia de 

cortocircuito que puede afectar el diseño inicial de las subestaciones. 

Las fallas del aislamiento tienen un efecto perjudicial para los componentes del sistema 

eléctrico, los usuarios y el propietario de la instalación, con consecuentes pérdidas 

económicas. 

Surge la necesidad de elaborar una metodología para verificar la Coordinación de 

Aislamiento en una subestación existente, con la finalidad de revisar los diseños originales 

de manera preventiva y así asegurar la continuidad del servicio eléctrico. 

El propósito de este informe es describir el método de cálculo de coordinación de 

Aislamiento contenido en la norma IEC 60071 y aplicar dicha metodología para verificar 

la Coordinación de Aislamiento a una subestación a nivel de diseño. La subestación 

considerada en este estudio es la subestación Juliaca que cuenta con los niveles de tensión 

138 kV, 60 kV, 22.9 kV ylO kV ubicada en el departamento de Puno a 3800 m.s.n.m. 

El fundamento de la metodología es la recomendación IEC-60071-2 "Insulation 

Coordination - Part 2, Application guide, 1996" con referencias a la recomendación IEC-

60071-1 "Insulation Coordination - Part 1, Definitions, Principles and Rules, 2006". 

Los Estándares 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). 
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El Sostenimiento se expresa gráficamente 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 subestación. 

La Figura 1 muestra el nivel de aislamiento que se debe dar al equipo eléctrico de una 

subestación tanto para soportar descargas atmosféricas ( ondas de frente rápido) e impulsos 

por maniobras de conexión-desconexión ( ondas de frente lento). La figura ilustra el nivel 

de protección ( o la tensión 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 l. Coordinación de aislamiento. 



1.1 Objetivo 

CAPITULO I 
ANTECEDENTES 

El objetivo principal del presente estudio es verificar la coordinación de aislamiento 

de subestaciones existentes de alta tensión para ello se tienen los siguientes objetivos 

secundarios: 

a) Describir la metodología de Coordinación de Aislamiento basada en las normas IEC

60071-1 e IEC 60071-2, las cuales están anexas al presente informe.

b) Aplicar dicha metodología a una subestación. Se tomará como subestación prueba a la

subestación Juliaca ubicada en el departamento de Puno 3800 m.s.n.m.

1.2 Alcances 

La verificación de la Coordinación de Aislamiento a nivel de diseño de la 

subestación es un proceso complejo y comprende muchas partes. 

La coordinación de aislamiento comprende el cálculo del aislamiento interno y 

externo, mayormente la información 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 verificará el aislamiento externo de los equipos. Las especificaciones o datos de 

placa sobre sostenimiento de tensión del aislamiento interno ( caso de los transformadores) 

se verificará siempre y cuando existan datos sobre esta característica. 

En el presente informe se detalla el cálculo del aislamiento requerido por la 

subestación basado en la norma IEC 60071, este método recibe como datos las 

sobretensiones representativas que afectan a una subestación, 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 subestación depende de los equipos "surge arrester", 

comúnmente llamados pararrayos, cuya correcta selección se debe verificar siguiendo las 

recomendaciones de la norma IBC 60099-4 y 60099-5 . 
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La protección contra impactos directos de descargas atmosféricas de una subestación 

o el apantallamiento de la subestación forma parte del presente estudio de coordinación de

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

El estado y medición de la puesta a tierra y malla, así como el aislamiento de equipos 

en GIS no forman parte de este informe debido a que en las subestaciones del Perú no se 

cuenta con información suficiente de los diseños de los mismos. 

1.3 Definiciones Generales 

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

Coordinación de aislamiento: Es la selección de la rigidez dieléctrica de un equipo en 

relación con las tensiones que pueden aparecer en el sistema en el cual el equipo operará 

tomando en cuenta las condiciones de servicio y las características de los equipos de 

protección contra sobretensiones disponibles. 

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

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

condiciones externas, tales como presión atmosférica, contaminación, humedad, etc. 

Aislamiento interno: Son las partes internas sólidas, líquidas o gaseosas del aislamiento 

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

externas. 

Configuración de aislamiento: Es la configuración 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: 

• Trifásjcos: Consta de tres termfoales de fase, un termjnal de neutro y un terminal de

tierra.

• Fase-tierra: Es una configuración de aislamiento trifásico en la cual dos terminales de

fase no se tienen en cuenta y, excepto en casos particulares, el terminal de neutro es

aterrizado.

• Fase-fase: Es una configuración de aislamiento trifásica donde un terminal de fase no

se considera. En casos particulares, el terminal de neutro y tierra tampoco se

consideran.

• Longitudinal Teniendo dos terminales de fase y un terminal de tierra. Los terminales

de fase pertenecen a la misma fase de un sistema trifásico temporalmente separado en

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

Tensión asignada del sistema: Es un valor adecuado de tensión asumido para designar o 

identificar un sistema. 

Sobretensión: Es cualquier tensión entre un conductor de fase y tierra o entre conductores 

de fase cuyo valor pico exceda el correspondiente valor pico de la tensión más alta del 

eqmpo. 

Clasificación de tensiones y sobretensiones: De acuerdo con su forma y duración, las 

tensiones y sobretensiones se dividen en las siguientes clases: 

Tensión permanente (a frecuencia industrial): Tensión 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 configuración de aislamiento. 

Sobretensión temporal: Sobretensión a frecuencia industrial de duración relativamente 

larga. 

Sobretensión transitoria: Sobretensión de corta duración 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: 

Sobretensión de frente lento: Sobretensión transitoria, usualmente unidireccional, con 

tiempo de pico 20 us < Tp :S 5000 us, y duración de cola T2 :S 20 ms. 

Sobretensión de frente rápido: Sobretensión transitoria, usualmente unidireccional, con 

tiempo de pico O, 1 us < Tl :S 20 us, y duración de cola T2 :S 300 us. 

Formas normalizadas de tensión: Las siguientes formas de tensión están normalizadas: 

Tensión normalizada de corta duración a frecuencia industrial: Tensión senoidal con 

frecuencia entre 48 Hz y 62 Hz y duración de 60 s. 

Impulso de maniobra normalizado: Impulso de tensión que tiene un tiempo de pico de 

250 us y un tiempo de mitad de onda de 2500 us. 

Impulso atmosférico normalizado: Impulso de tensión que tiene un tiempo de frente de 

1,2 us y un tiempo de mitad de onda de 50 us. 

Nivel de protección al impulso atmosférico (o maniobra): Es el valor pico de la tensión 

máxima permisible en los terminales de un equipo de protección sujeto a impulsos 

atmosféricos ( o de maniobra) bajo condiciones específicas. 
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La Tabla 1, es muestra un resumen de la clasificación de la sobretensiones la cual fue 

tomada del numeral 5 .2 de la Norma IEC60071- l. 

Tabla 1.1 Clases y formas de tensión 

Baja 
Frecuencia 

Clase 

2ontinua 

Temporal 

J<rente lento 

Transitorio Frente rápido 

J<rente muy rápído 

Formas de Onda 
Formas de tensión o 

sobretensión 

Lh, 
'V 
l 

- Tz ..,J 

INV\A 
•-'�_tlf1 ' 1/f2 
-- .... ► �-·------

Rango de las formas de 
tensión o sobretensión 

f=50Hzó60Hz 

Tt � 3 600 s

10 Hz <f< 500 Hz 
0,02 s :S Tt :S 3 600 s 

20 µs < Tp :S 5 000 µs 

T2 s20 ms 

0,1 µs :S T1 :S 20 µs 

T2 s 300 µs 

Trs 3 ns 
0,3 MHz <Ji < 100 MHz 

30 kHz <fz < 300 kHz 



CAPITULO TI 
METODOLOGÍA PARA VERIFICAR LA COORDINACIÓN DE AISLAMIENTO 

DE SUBESTACIONES EXISTENTES DE ALTA TENSIÓN 

El modelo de cálculo de la coordinación de aislamiento sigue en un todo la 

recomendación IEC-60071-2, según la cual la selección del nivel de aislamiento consiste 

en calcular el valor adecuado de tensiones de sostenimiento normalizadas (Uw) que 

proporcione un aislamiento de una subestación adecuado, capaz de resistir las 

sobretensiones impuestas por el sistema o por descargas atmosféricas. 

El proceso general sigue un método en parte determinístico para la definición de los 

niveles básicos de tensión, pero también se involucran conceptos y modelos estadísticos. 

Se configura así una metodología mixta según lo sugerido por la recomendación IEC-

60071-1-2. 

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

que describiremos a continuación: 

Etapa I 

Etapa 11 

Etapa 111 

Etapa IV 

Etapa V 

Etapa VI 

Recopilación de la información para el estudio. 

Verificación de la selección de pararrayos. 

Estudio de sobretensiones. 

Cálculo de coordinación de aislamiento de acuerdo a la IEC 60071-2. 

Revisión del Apantallamiento 

Diagnóstico del aislamiento de la subestación. 

2.1 Etapa I: Recopilación de la información para el estudio. 

Para el desarrollo del estudio de coordinación de aislamiento en una subestación, se 

formula a continuación una lista de documentos técnicos que en menor o mayor grado son 

requeridos para el éxito del estudio. En general se deben aportar el máximo número 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 exploración de bases de datos de equipos y de la visita al sitio de la 

subestación estudiada. 

Un listado completo de la información requerida tiene como mínimo, los siguientes: 

a. Altura sobre el nivel del mar (msnm) de la zona donde se ubica la subestación.
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b. Nivel de aislamiento de los transformadores de potencia y otros equipos (Incluye línea

de fuga de los aislamientos externos de cadena de aisladores, pasatapas y soportes).

c. Resistencia de Dispersión 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 vacío y cortocircuito de los Transformadores de potencia.

f Referencia de los descargadores de sobretensiones (surge arresters) instalados en la 

subestación, sus ubicaciones y catálogo de los mismos. 

g. Parámetros eléctricos de las líneas de transmisión. Parámetros de secuencia de los

circuitos de las instalaciones que participan en los cálculos.

h. Configuración geométrica de las estructuras de las subestaciones (Ubicación de

pórticos).

1. Configuración geométrica de las estructuras de las líneas asociadas a la subestación.

J. Tipo de conductor de las líneas eléctricas, material,

k. Longitud del vano promedio de la línea

l. Equivalentes de cortocircuito en demanda mínima de las subestaciones adyacentes a la

subestación 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 ubicación de equipos, vista en planta, de elevaciones y/o cortes de la S/E.

n. Diagrama unifilar de la subestación y del área de estudio (Informativo)

2.2 Etapa 11: Verificación de la selección de Pararrayos. 

Especial importancia tiene para iniciar el estudio de coordinación de aislamiento la 

información relacionada con los niveles de protección de los pararrayos (surge arresters). 

Para la obtención de los diferentes parámetros relacionados con los pararrayos de ZnO 

cabe destacar el siguiente proceso metodológico para el cálculo de tensiones operativas, 

este método fue tomado del libro Subestaciones de Alta y Extra Alta Tensión de Hidro­

Estudios, Mejía y Villegas HMV (que se basa en la norma IEC 60099-4 y-5 Surge Arrester 

y Estándar IEEE C62. l l- l 993 Metal Oxide Arrester): 

Tensión continua de operación, COV. (Conexión fase-tierra). 

COV=Um 
✓3 ........ (2.1) 

Donde Um corresponde a la máxima tensión del aislamiento del equipo. 

Sobretensión temporal, TOV. 
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TOV=Ke-COV ..... (2.2) 

Ke es el factor de Falla a Tierra, el cual es de 1,38 o (1,4) para sistemas sólidamente 

puestos a tierra y 1,73 para sistemas con neutro aislado. 

La tensión 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 diseño del descargador de sobretensiones, el cual varía según el 

fabricante. Un valor típico es 0,8. 

Re= 
TOV 

Kt ..... (2.4) 

Kt es la capacidad del descargador y depende del tiempo de duración de la sobretensión 

temporal. Así, para un segundo, Kt = 1, 15; para 1 O segundos, Kt = l, 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, encontrándose así la tensión 

nominal del descargador de sobretensiones (R). 

Se debe verificar que la tensión asignada (Ur) del descargador de la subestación sea 

muy similar o superior al valor calculado de R. 

Como se observa, la metodología de selección de pararrayos consiste en determinar el 

valor de la tensión 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 

metodología y los pararrayos ubicados en campo no coincidan en la tensión nominal, es 

recomendable verificar la operación de los pararrayos. 

Una vez verificado el descargador con su catálogo se deben tomar los valores 

indicados como NPM (nivel de protección para ondas de maniobra) y el NPR (nivel de 

protección para ondas de rayo), los cuales son fundamentales para iniciar la secuencia de 

cálculo del aislamiento y se definen como Ups y Upl según la recomendación IEC. 

Para niveles de tensión hasta 245 kV es válido que: 

NPM es la tensión residual para una corriente de 1 kA 

NPR es la tensión residual para una corriente de 1 O kA 

Para niveles de tensión mayores a 245 kV es válido que: 

NPM es la tensión residual para una corriente de 5 kA 



NPR es la tensión residual para una corriente de 20 kA 

2.3 Etapa fil: Estudio de Sobretensiones 
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Para la obtención de las sobretensiones es recomendable realizar la simulación 

digitales de diferentes fenómenos, normalmente, haciendo uso del software especializado. 

Para la ejecución del informe se utilizó el ATP y su interfaz gráfica ATPDraw y del Power 

Factory de Digsilent. 

El ATP es un programa digital de reconocimiento mundial, enfocado al análisis de 

transitorios electromagnéticos. Desde la década de los 90's este software, de distribución 

gratuita, viene acompañado de la interfaz A TPDraw la cual facilita al usuario la 

implementación de los modelos y la ejecución de las simulaciones. 

Los estudios se efectúan con énfasis la subestación en estudio, considerado las líneas de 

transmisión asociadas a ella y todos los elementos que según la topología se deban 

considerar en el análisis. 

Cuando es difícil obtener la información del sistema eléctrico adyacente a la 

subestación en estudio, se pueden considerar algunos valores sugeridos por la 

recomendación IEC-60071-2, sin embargo, este tipo de suposiciones sacrifica la precisión 

de los resultados que se obtengan en la coordinación de aislamiento. Dicho de otro modo, 

el cálculo de coordinación de aislamiento puede realizarse sin el estudio de sobretensiones 

representativas, considerando valores conservadores de sobretensiones para la subestación 

en estudio. 

Para cada uno de los tipos de sobretensiones se debe realizar una modelación 

diferente tal como se menciona a continuación: 

2.3.1 Sobretensiones Temporales. 

a. Representación del sistema en las simulaciones:

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

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

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

También es posible realizarlo en el ATPDraw.

b. Metodología de cálculo de sobretensiones en las simulaciones:

La principal característica de las sobretensiones temporales es su larga duración y bajo

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

las siguientes:



11 

Falla monofásica en las barras: Para el análisis de fallas monofásicas a tierra, se 

realizan cortocircuitos en cada uno de los niveles de tensión 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 análisis de rechazo de carga (Efecto Ferranti), 

se realiza para cada una de las líneas de transmisión, dejando un extremo conectado a 

la tensión del sistema, en tanto el otro lado de la línea permanece abierto, en este 

terminal es donde se registra la sobretensión máxima que alcanza el sistema. 

2.3.2 Sobretensiones de Maniobra o Sobretensiones de Frente Lento. 

a. Representación del Sistema en las Simulaciones:

El estudio de sobretensiones de maniobra se realiza con el programa de análisis 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

cosenoida1es de tensión constante, trifásicas y balanceadas, conectadas al sistema a

través de elementos R-L acoplados con impedancias de secuencia cero y positiva.

Líneas de transmisión: Se utiliza el modelo de parámetros distribuidos para representar

las líneas de transmisión que serán maniobradas. Otras líneas pueden modelarse a

través de un modelo 1r.

Interruptores: Su representación se hace con interruptores de cierre determinístico y

estadístico, para las líneas donde se realiza alguna maniobra. Las simulaciones pueden

considerar o no, interruptores con resistencias de preinserción.

Pararrayos: Se utiliza el modelo que representa la característica no lineal corriente

tensión para los pararrayos construidos de material Óxido Metálico.

Reactores: El modelo de reactor representado en las simulaciones corresponde a

elementos R-L y si tienen núcleo ferro magnético, se incluirá la curva de saturación.

Autotransformadores: son representados con modelos creados por medio de las rutinas

XFORMER o BCTRAN a partir de los parámetros de los protocolos de pruebas en

vacío y cortocircuito.

b. Metodología de cálculo de sobretensiones en las simulaciones:

Se adoptan tensiones pico base para cada nivel de tensión, tanto para la tensión pico

fase-tierra, como para la tensión pico fase-fase, con el fin de expresar los valores de

sobretensión en p.u. en los extremos de las líneas.
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Para realizar las simulaciones de las maniobras se utiliza un interruptor estadístico que 

permite realizar un número programable de maniobras que pueden variar en cuanto a 

tiempo de operación de acuerdo a una función de probabilidad establecida (Uniforme o 

Normal). Para simular los cierres y las aperturas se utiliza una función de probabilidad 

uniforme que garantice la operación del interruptor en un ciclo completo de la onda y para 

simular la dispersión de polos se utiliza una función de probabilidad normal. 

Los recierres tripolares están deshabilitados en las líneas del SEIN debido a que 

afectan la estabilidad del sistema por lo que no es necesaria su consideración para la 

coordinación de aislamiento. El análisis de las maniobras de línea se realizó considerando 

la energización desde el extremo remoto de la subestación Juliaca. El análisis de las 

maniobras de línea energizando desde la subestación Juliaca no es de interés para el 

presente estudio. 

El fenómeno transitorio se aproxima a un fenómeno de probabilidad normal, en donde 

la variable Z tipificada a partir de eventos X para una Distribución Normal es: 

Z=X-µ 
..... (2.5) 

Donde: 

µ es la media 

O" es la desviación estándar 

La distribución de la variable Z se encuentra tabulada (Probabilidad y Aplicaciones 

Estadísticas - 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=µ+2.06*a ..... (2,6) 

El ATP realiza el número de variables que se le indique (por ejemplo 100) y para cada 

una de ellas obtiene el valor máximo de las variables en estudio. Al final, luego de 

desarrollar todas las simulaciones, entrega el valor medio y la desviación estándar (cr) de 

los datos obtenidos. 

Luego, por medio de una formulación estadística, se calcula el valor estadístico que 

corresponde a las sobretensiones del 98%, esta información es utilizada posteriormente en 

los estudios de coordinación de aislamiento de acuerdo a lo requerido en la 

Recomendación IEC 60071-2. 

Las sobretensiones de maniobra analizadas son las siguientes: 
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Energización de líneas: Se toma el registro de las sobretensiones en el extremo abierto 

de Ja Jínea mientras se realiza eJ cierre deJ interruptor del otro extremo. 

Energización 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 tensión. 

Recierres monofásicos: Después de la apertura de una línea ( ambos extremos) para 

despejar una falla monofásica a tierra. Se toma el registro de tensión en uno de los dos 

extremos abiertos de la línea, mientras se realiza el recierre monopolar del interruptor 

(estadístico) de1 otro extremo. 

2.3.3 Sobretensiones de Descargas Atmosféricas o sobretensiones de frente rápido. 

La simulación de sobretensiones de origen atmosférico no es estrictamente necesaria 

porque la recomendación IEC 60071-2 presenta una formulación para determinar la

sobretensión representativa a partir de algunos datos geométricos de la subestación y de los 

pararrayos (surge arrester). Sin embargo, se realizan simulaciones determinísticas para 

verificar el comportamiento de las sobretensiones atmosféricas en la subestación de 

estudio. 

2.4 Etapa IV: Cálculo de coordinación de aislamiento de acuerdo a la IEC 60071-2 

La figura 2.1 se ha tomado de 1a Norma IEC 60071-1 y muestra el diagrama de flujo 

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

cálculo de tensiones representativas, tensiones de coordinación, tensiones de sostenimiento 

requerida y selección aislamiento normalizado. 

ANÁLISIS DEL SISTEMA 

CÁLCULO DE TENSIONES REPRESENTATIVAS 

CALCULO DE TENSION SOPORTADA DE 

COORDINACIÓN Kcd 

CALCULO DE TENSION SOPORTADA REQUER!D.A 

FACTORES DE SEGURIDAD Ks Y POR AL TURA Ka 

CALCULO DE LA TENSION SOPORTADA 

NORMALIZADA FACTOR DE CONVERSIÓN DE 

ENSAYO 

SELECCION DEL NIVEL DE AISLAMIENTO 
NORMALIZADO 

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

la norma IEC 60071-1 
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2.4.1 Tensiones Representativas. 

E1 estudio de sobretensiones continúa con la definición 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. 

Según el Anexo D de la norma IEC 60071-2 se debe estimar el valor de truncamiento 

de la distribución de probabilidad a partir del valor de la sobretensión del 98% encontrada 

en los estudios del sistema (Ue2: sobretensión fase-tierra y Up2: sobretensión fase-fase), 

la cual corresponde al valor de sobretensión que tiene una probabilidad del 2% de ser 

superado. 

Para el cálculo de la sobretensión del 98% (Ue2 y Up2) se utilizan dos métodos, de 

acuerdo con la metodología propuesta en el numeral 2.3.3.1 de la norma IEC 60071-2 

Método deJ valor pico por fase (Fase-Pico): para cada operación de maniobra se 

incluye en la distribución de probabilidad de sobretensiones, el valor pico más alto de 

la sobretensión entre cada fase y la tierra o entre combinación de fases, o sea que cada 

operación contribuye con tres valores pico a la distribución de probabilidad 

representativa de sobretensiones. 

Método del valor pico por caso (Caso-Pico): para cada operación de maniobra se 

incluye en la distribución de probabilidad de sobretensiones, el valor pico más alto de 

las sobretensiones entre las tres fases y la tierra o entre las fases, o sea que cada 

operación contribuye con un valor pico a la distribución de probabilidad representativa 

de sobretensiones. 

Según haya sido la metodología usada para determinar las sobretensiones estadísticas 

(Fase-Pico ó Caso-Pico), se debe emplear las siguientes expresiones para calcular las 

tensiones de truncamiento (Uet y Upt): 

Método Fase-Pico: 

Det = 1,25 Ue2 - 0,25 (p.u.) Det: tensión de truncamiento de maniobra fase - tierra (2. 7) 

U
p
t = 1,25 U

p
2 - 0,43 (p.u.) D

pt: tensión de truncamiento de maniobra fase - fase. (2.8) 

Método Caso-Pico: 

Uet = 1, 13 Ue2 - O, 13 (p.u.) Uet: tensión de truncamiento de maniobra fase - tierra. (2.9) 

U
pt = 1, 14 U

p
2 - 0,24 (p.u.) U

p
t: tensión 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-fpara 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 sobretensión, las sobretensiones 

máximas representativas son iguales al valor de truncamiento Uet (fase-tierra) y al Upt 

(fase-fase). 

Para sobretensiones de frente rápido la norma IEC 60071-2 propone un procedimiento 

para el cálculo de las sobretensiones representativas, cuyo resultado se considera en la 

fórmula propuesta del siguiente numeral. 

2.4.2 Tensiones Coordinación. 

A partir de los valores de las tensiones representativas Urp se calculan las tensiones de 

coordinación, Ucw. El valor Ucw se calcula para las sobretensiones temporales, para las 

sobretensiones de frente lento y para las sobretensiones de frente rápido, 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 sobretensión representativa Urp para obtener el 

valor de la tensión de coordinación 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. El valor de Kc puede ser obtenido aplicando métodos 

determinísticos o estadísticos; este informe considera el método determinístico por la 

facilidad en el procedimiento de cálculo, en este caso Kc = Kcd (Factor de coordinación 

determinístico ). 

1.15 r-------.---r---.---�--��-------

Ke-0 1.1 O -·· ··· +--',,----1----1�---l----l-�---1-____.i---!.---l--1 ··.. � (al 

¡ : : ____ -+·--_·· ·_··--1 .• _·_ •. ;-<�:l-··_ .. _.�:.¡._��-:_>.¡._"_ .. _.�4--. �----···➔• �_ ... _. -<·:_-_-_ _.¡_ ____ :----1 
0,95 .,____...._..,____._.....__,...__.._ __,____.__....._---J_-J..---..J 

0,3 0,5 0.7 0.9 1.1 13 1.5 

> 
4,s 
Ue2 

IE( l f,_'.:.!-\ 

Figura 2.2 Factor de coordinación determinístico Kcd para sobretensiones de 

maniobra. 



(a) Kcd, para obtener la tensión de coordinación soportada fase - tierra.

(b) Kcd, para obtener la tensión de coordinación soportada fase - fase.
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Para sobretensiones de frente rápido (de origen atmosférico) se aplica la fórmula

recomendada en el Anexo F (numeral F.4) de la norma IEC 60071-2, en función de 

distancias, índice de fallas y cantidad de líneas conectadas a la subestación: 

Donde: 

A L 
Ucw = Up1+-•--­

n Lsp+La 

U
p¡ : Nivel de protección al rayo del descargador. 

A: Factor para líneas aéreas de transmisión. 

n: Mínima cantidad de líneas conectadas a la subestación. 

L: Distancia máxima desde los descargadores al último equipo protegido. 

... (2.11) 

Lsp: Longitud del vano de línea (desde la subestación hasta la primera torre de retención. 

Ra: Tasa de fallas aceptable de equipos de subestación. 

R.km: Índice de falla en el primer kilómetro de la línea. 

La: Longitud equivalente de línea = Ra / Rkm. 

El factor para líneas aéreas de transmisión, se obtiene de la Tabla 2, según el Anexo F 

(Tabla F.2) de la norma. 

Tabla 2.1 Factor A para líneas aéreas. 

Líneas de distribución A [kV] 

Con crucetas puestas a tierra 900 

En posteria de madera 2700 

Líneas de transmisión 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 número mínimo de líneas en servicio (n) conectadas a la subestación se 

recomienda un valor de n = l o n = 2; para obtener resultados conservadores se considera 

n = 1. 

La distancia máxima (L) desde los descargadores de sobretensión hasta el último 

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 máxima debe 
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considerar la configuración de cada subestación siguiendo la trayectoria que desarrolla el 

conductor, de acuerdo con las diferentes condiciones operativas que se .pueden dar en la 

subestación (apertura de interruptores y/o seccionadores). Por lo general, el último equipo 

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

Linea 

Descargador de 
sobretensiones 

01 

03 

puesta a tierra 

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

L = al+a2+a3+a4. (Distancia máxima desde el descargador al último equipo protegido). 

al: longitud del conductor de conexión entre el descargador y la línea. 

a2: longitud del conductor de conexión 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 tensión de sostenimiento requerida, Urw, es la tensión de 

prueba que el aislamiento de la subestación debe soportar, garantizando que el aislamiento 

cumple el criterio de buen desempeño cuando está sometido a sobretensiones en 

condiciones reales de servicio y para todo el tiempo de servicio. Este cálculo parte de los 

resultados de Tensiones de Coordinación 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 

instalación, el envejecimiento de los equipos, otras influencias desconocidas, etc.; y el 

factor de corrección 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 están 

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 corrección por altura Ka. Este último 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 sí. 

Ks toma los siguientes valores para sobretensiones temporales, de frente lento y de 

frente rápido: 

Aislamiento interno: Ks = 1, 15. 

Aislamiento externo: Ks = 1,05. 

Para el cálculo de Ka la Norma presenta la siguiente fórmula para la determinación del 

factor de corrección atmosférica. Esta recomendación 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 corrección es necesaria para todas las instalaciones, aún para 

las ubicadas por debajo de 1000 m.s.n.m, para las cuales la corrección debe hacerse 

conH= 1000. 

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

"Altitude correction" (Corrección por altura) se calcula de la siguiente manera: 

Para sostenimiento a frecuencia industriaJ de corta duración: 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.

(e) Aislamiento fase - fase.

( d) Brechas de varilla - soporte.

Y a que no existe otra información de referencia para el cálculo del factor m en alturas

superiores a 2000 m, este informe utilizó las expresiones descritas en las Notas del Curso 

Alta Tensión del profesor Justo Yanque para calcular el factor de corrección por altura. 

Las condiciones de sitio de la SE. Juliaca son: 

Altura de la Subestación H: 3800 msnm. 



Temp. Promedio Max.: 15 ºC 
Temp. Promedio Min.: -15 ºC 
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Humedad Relativa Promedio Anual 43.5% 
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Figura 2.4 Dependencia de m con la tensión Ucw. 

-·· ... -,·-· -·-, 

El factor de corrección por altura se obtiene a partir de la siguiente relación: 

... (2.14) 

Donde: 

o : Factor de corrección por Densidad Relativa del Aire y se calcula con las siguientes

expresiones de Halley:

O
= 3.92(b)

273+9 
... (2.15) 

H logb = log 76 -
18336 

... (2.16) 

h Factor de humedad Absoluta del Aire_ Para calcular se tendrán 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 
corrección por altura, se calculan así: 
Aislamiento externo: Urw= Ucw x Ks x Ka ... (2.17) 
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Aislamiento interno: Urw= Ucw x Ks .... (2.18) 

1 
;

·
� 

-----· 

n O 5 · ·-- · �-.c---- -··----- ---·--· ------

. - -····---· -- . �---------

5 

d(m) 

Figura 2.5. Factor por brecha de aire (n) 
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Finalmente, los valores de sostenimiento requeridos se complementan con los valores 

de tensión de sostenimiento convertida Uw(c), utilizando factores de conversión para 

Rango I (1 kV < Um :S 245 kV) y Rango 11 (Um > 245 kV): 

En el Rango I (1 kV < Um � 245 kV), la tensión de sostenimiento normalizada Urw al 

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

requerida a impulsos de maniobra; 

En el Rango 11 (Um > 245 kV), la tensión de sostenimiento normalizada al impulso de 

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

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

conversión para Rango I y Rango II: 

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

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

Para equipos pertenecientes al Rango 11, a partir de las tensiones de frecuencia 

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

Tabla 2.2. Factores de conversión para Rango l. 

Aislamiento SDW LIW 

Aislamiento Externo 

- Fase-tierra

- Fase-fase 0,6+Urw / 8500 l,05+Urw /6000 

Aislamiento interno: 0,6+Urw / 12700 l,05+Urw /9000 

-GIS

- Aislamiento inmerso en líquido 0,7 1,25 

- Aislamiento sólido 0,5 1,10 

0,5 1,00 
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La Norma proporciona los factores de conversión SDW (Short-duration power­

frequency withstand voltage) y LIW (Lightning impulse withstand voltage) que deben 

aplicarse a la tensión de sostenimiento de frente lento para convertirlos en sostenimientos a 

frecuencia industrial y de frente rápido, respectivamente, los cuales se presentan en la 

siguiente Tabla 2.2. La Norma también proporciona los factores de conversión SIW 

(Switching impulse withstand voltage) que deben aplicarse a la tensión de sostenimiento de 

frecuencia industrial para convertirlos en sostenimientos de frente lento (Tabla 2.3). 

Tabla 2.3 Factores de conversión para Rango 11. 

Aislamiento SIW 

Aislamiento externo 

- Aislamiento limpio, húmedo 1,7 

Aislamiento interno: 

- GIS 1,6 

- Aislamiento inmerso en líquido 2,3 

- Aislamiento sólido 2,0 

2.4.4 Selección del aislamiento normalizado. 

En la última etapa del proceso, se definen los niveles de sostenimiento normalizada y 

las distancias mínimas en aires que debe tener la subestación. 

a. Definición de la tensión de sostenimiento normalizada:

La tensión de sostenimiento normalizada, Uw, es el valor final normalizado asignado

para el aislamiento del equipo de la subestación 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

máximo valor obtenido entre la tensión de sostenimiento normalizada, Uw, y la

tensión de sostenimiento convertida Uw( c)

Para equipos en Rango I (1 kV < Um :S 245 kV), se define la tensión de sostenimiento

a frecuencia industrial y al impulso de frente rapido (atmosférico), de acuerdo con la

Tabla la o Tabla lb de la norma IEC 60071-1. En la mayoría 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 tensión 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 I-2
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Finalmente, definido el nivel de aislamiento normalizado, se obtienen las distancias 

mínimas de separación 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. Definición de distancias mínimas de separación:

La Norma presenta las distancias mínimas de separación requeridas en el alfe

(fase-tierra y fase-fase), de acuerdo con la tensión de sostenimiento normalizada al

impulso atmosférico para subestaciones con eqmpos en Rango I

(1 kV < Um :S 245 kV).

Tabla 2.4. Distancias mínimas de separación en el aire. 

Tensión de sostenimiento Distancia mínima {mmJ 

normalizado al impulso 
Varilla - estructura Conductor - estructura 

atmosférico (kV] 

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 

ll75 2350 2200 

1300 2600 2400 

1425 2850 2600 

1550 3100 2900 

1675 3350 3100 

1800 3600 3300 

1950 3900 3600 

2100 4200 3900 



23 

-Para fase - tierra, la distancia mínima de separación aplica en las configuraciones

varilla - estructura y conductor - estructura.

-Para fase - fase, la distancia mínima de separación aplica en la configuración

varilla - estructura.

2.5 Etapa V: Revisión del Apantallamiento 

Se plantea a continuación una metodología 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 último salto de la descarga de 

la guía o líder escalonado del rayo descendente desde la nube, llamado distancia de 

descarga, que puede ser en la dirección del cable de guarda, del conductor o de la tierra, 

dependiendo de la que presente la menor distancia en relación con el punto de descarga. 

Esta distancia de incidencia es en función de la corriente del rayo. 

La distancia de descarga determina la posición 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 está relacionada con la carga del canal de la guía del 

rayo y por lo tanto es una función de la corriente de retomo del mismo. 

A partir de esta distancia de descarga se calcula la corriente de retorno, que ha sido 

ampliamente estudiada por Mousa. Gráficamente se trazan circunferencias con radio igual 

a la distancia de descarga para los objetos a proteger, y el equipo que penetre estos arcos 

estará desprotegido. Otra forma de visualizar lo que ocurre es imaginar una esfera rodante 

sobre los equipos de la subestación 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 hmín / 3 ... (2.19) 

Donde: 

h: Altura de conexión del cable de fase en m 

hmín: Altura en la mitad del vano en m se calcula por: hmín = h- w L 

L: Longitud del vano en m 
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w: Constante que relaciona la flecha máxima Ye con L, valor entre 0,02 y 0,06 

[Referencia Libro Hidroestudios Mejía Villegas HMV-Gustavo Londoño] 

· Radio corona

Mediante la siguiente ecuación: 

Re x In (2 hav / Re ) - V e / Eo = O 

Donde: 

Re: Radio corona en m 

hav: Altura promedio del conductor en m 

Eo: Gradiente de corona límite en kV/m 

... (2.20) 

Ve: Máxima tensión soportada por el aislamiento de los aisladores para una onda de 

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

Zona de Protección 1 
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--�-7. 

, it :¡ 
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� "' , ¡ 
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Radio de la esfera rodante 

Equipo Protegido 
por el apantallamiento 

□ 

d: Distancia de separación \ 
entre pórticos 

,, 
·-·

Figura 2.6 EGM mediante la esfera rodante 

Equipo no protegido 
por el Apantallamiento 
\ 

' 
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La solución de la ecuación se encuentra empleando el método de Newton Raphson. 

En el caso de tener conductores en haz: 

Donde: 

Ro: Radio equivalente en m 

· Impedancia característica

Mediante la siguiente ecuación: 

Re' =Ro+ Re 

Zs = 60 ✓In (2hav / Re) ln(2hav / r)

... (2.21) 

... (2.22) 



Donde: 
hav: Altura promedio del conductor en m 
r: Radio del conductor o Ro caso conductores en haz en m 
Re: Radio corona en m 
· Corriente critica:

Es la corriente que coloca en riesgo el aislamiento: 
Ic = 2,2 BIL / Zs 

o por:
le = 2,068 (CFO) / Zs 

Donde: 
Zs: Impedancia característica en O 
BIL: Tensión soportada al impulso atmosférico en kV 
CFO: Tensión critica de flameo de los aisladores en kV 
· Distancia de descarga crítica

Se determina por: 

Ic: Corriente crítica en kA 

25 

... (2.23) 

... (2.24) 

... (2.25) 

k: Coeficiente que considera las diferentes distancias de descargas para cable de 
guarda 1 y para mástiles 1,2 

· Altura efectiva
Por último se calcula la altura efectiva que depende de la configuración que se este 

utilizando para apantallar, por ejemplo para dos cables de guarda se tiene: 
he = Sm-jsm2

- d2 ... (2.26) 
Donde: 

Sm: Distancia de descarga en m 
d: Corresponde a la mitad de la distancia entre pórticos o la mitad del ancho de 

campo en m. 
2.6 Etapa VI: Diagnóstico del aislamiento 

Con la información resultante de aplicar las etapas II, III y IV se contrasta cofl 1::i 
información recopilada de la Etapa I a fin de brindar recomendaciones para la coordinac 
de aislamiento de la subestación. 



CAPITULO ID 
APLICACIÓN DE LA METODOLOGÍA PARA VERIFICAR EL AISLAMIENTO 

A UNA SUBESTACIÓN EXISTENTE 

La subestación de prueba para aplicar la metodología propuesta en el Capítulo II es la 

subestación Juliaca 138/60/22,9/10 kV. Esta subestación se ubica a 3800 m.s.n.m en el 

departamento de Puno. y forma parte de la concesión a la empresa Red de Energía del 

Perú. 

A partir de la comparación de los niveles de aislamiento mínimos requeridos y los 

aislamientos existentes, se diagnosticará el estado de Jos equipos de la subestación Juliaca. 

3.1 Recopilación de información para el estudio 

La información que se requiere para diagnosticar el aislamiento de los equipos se 

encuentra resumida de la siguiente manera: 

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

En 138 kV tiene asociada las celdas de las líneas Azángaro Juliaca (L-1001) y Juliaca 

Puno (L-1012), ambas conductor AAAC 240 mm2 y 300 mm2 respectivamente y con 

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

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

El Patio de 13 8 k V y 60 k V cuenta con un Apantallado contra rayos directos, sin 

embargo los planos asociados al nivel de 60 k V no están elaborados. 

En el 2009 se diseñó la ampliación de esta subestación 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 ampliación que cuenta con 

pararrayos ZnO. 

Los soportes de la LT en 138 kV son de Acero reticulado 

El Nivel de Contaminación es ligero porque La subestación se encuentra en una zona 

agrícola y montañosa, frecuentes lluvias y viento. Presenta baja densidad de población 

y viviendas con calefacción. 
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La precipitación media anual es de 55 mm/año y los meses de lluvia son de enero 

· hasta abril (verano)

Los Parámetros típicos son Presión atmosférica 47.2 cmHg, Temperatura 15 ºC y

Humedad Absoluta es 44%.

El nivel Isoceraúnico es de 40 días/Año y la densidad de Rayos es de (0.19x40)

7. 6/km2/ Año

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

Diagrama unifilar de la subestación y del área 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 subestación. 

Aislamiento Externo de los Equipos de Patio (kV) 
(Mínimos valores de aislamiento· encontrados en la subestación) 

TENSION Tensión máxima 
Soportabüidad 

Soportabílídad al 
EQUIPO 

NOMINAL (kV) (kV) 
a la frecuencia 

írrpulso rayo (kV) 
industrial (kV) 

Interruptor 138 170 325 750 

Seccionador , 138 145 275 650 

Trafo de Corriente 138 170 325 750 

Trato de Tensión 138 145 275 650 

lnterru,::.tor 60 72.5 140 325 

Seccionador 60 100 150 380 

Trato de Corriente 60 72.5 185 450 

Trafo de Tensión 60 84 150 380 

1 nterru i:tor 111 22.9 24 50 125 
Seccionador (1J 22.9 NA NA NA 

Trafo de Corriente(1) 22.9 NA NA NA 

Trato de Tensión (1J 22.9 NA NA NA 

Interruptor de celdas líneas 10 17.5 38 75ó95 

Interruptor de celdas tratos 10 17.5 38 75 ó95 

Trafo Corriente de celdas líneas 10 24 50 125 

Trato Corriente de CL-T52 10 17.5 38 95 
Trato Corriente de CL-T54 10 17.5 38 95 
Trato de Tensión Barra A (TV-152) 10 24 50 125 
Trato de Tensión CL-T52 10 24 50 125 

Trato Potencia T51-261 r21 138 145 275 650 

Trato Potencia T51-261 60 NN NN NN 

Trato Potencia T51-261 10 NN NN NN 

Trafo Potencia T52-61 60 100 185 450 
Trafo Potencia T52-61 10 24 50 125 

Trato Potencia T54-61 60 72.5 140 325 

Trato Potencia T54-61 10 17.5 38 75 ó95 

Trafo Potencia T63-121 138 170 325 750 
Trato Potencia T63-121 22.9 36 70 170 
Trato Potencia T63-121 10 24 50 125 

( 1)Sistema encapsulado (GIS) 
(2) Dato alcanzado pael área de EPA 

!Valores en negrla. Se supme el valor según los niveles normali:zados de aislaniento(ncnna IEC60071-1) 
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La referencia de los descargadores de sobretensiones (surge arresters) instalados en la 

subestación se encuentra en la Tabla 3.3. 

Tabla 3.2 Resumen de aislamiento interno 
Aislamiento Interno de los Equipos de Patio (kV) 

(Mínimos valores de aislamiento encontrados en la subestación) 

TENSION Tensión máxima 
So portabilidad 

Soportabilidad al 
EQUIPO a la frecuencia 

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 

Trafo Potencia T51-261 10 7.2 20 60 

Trafo Potencia T52-61 60 72.5 140 325 

Trato Potencia T52-61 10 12 28 -

Trafo Potencia T54-61 60 72.5 140 325 

Trato Potencia T54-61 10 12 28 -

Trafo Potencia T63-121 138 170 325 750 

Trafo Potencia T63-121 22.9 24 50 -

Trafo Potencia T63-121 10 12 28 -

Siguiendo la metodología propuesta se realizó, en· ATP Draw, la implementación de 

un modelo completo de las redes asociadas a la subestación Juliaca sobre el cual se pueden 

simular diferentes maniobras y condiciones de operación del sistema para determinar la 

magnitud de las sobretensiones a las que se verían sometidos los equipos, la información 

utilizada fueron los protocolos de pruebas de vacío y cortocircuito de los transformadores 

de potencia, parámetros eléctricos de las líneas de transmisión, parámetros de secuencia de 

los circuitos de las instalaciones que participan en los cálculos, configuración geométrica 

de las estructuras de las líneas asociadas a la subestación, tipo de conductor de las líneas 

eléctricas, material, longitud del vano promedio de la línea, equivalentes de cortocircuito 

en demanda mínima de las subestaciones adyacentes a la subestación en estudio. 

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

3.2 Verificación de la selección de pararrayos 

La información 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 operación 

continua (COV) para los descargadores de sobretensiones en la subestación Juliaca en los 

niveles de tensión 138 kV, 60 kV 22.9 kV y 10 kV, las cuales serán el parámetro básico 

para la selección de los parámetros típicos (NPR y NPM) de los descargadores que se 

consideran en la coordinación de aislamiento. En ·la que se presenta la metodología de 

selección de pararrayos aplicada a los cuatro niveles de tensión que tiene la subestación 

Juliaca. 

En la Tabla 3.4 se presenta la selección de los pararrayos existentes en la subestación 

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

máxima sobretensión temporal esperada es 1.11 pu. Fase-Fase y 1.03 Fase"'. Tierra. Con esto 

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

Juliaca, operarán correctamente. 

Tabla 3.3 Tensiones nominales de los pararrayos (surge arrester) 

Nivel de tensión: 138 kV 

Característica T51-161 T63-261 CL-LÍNEAS 

Fabricante ABB (1) TRIDELTA Cooper 

Modelo XAQ 145A2/108 S8108 Varistar AZG3 

Ur kV 108 108 120 

In kA 10 10 10 

Clase 3 3 3 

Capacidad de energía kJ 842.4 723.6 540 
Nivel de tensión: 60 kV 

Característica T54-61 T52-61 T51-161 

Fabricante Cooper SIEMENS ABB (1) 

Modelo Varistar AZG3 3EL2 063-2PJ31 XAQ 721>:3f72 

Ur kV 60 63 72 

In kA 10 10 10 

Clase 3 3 3 

Capacidad de energía kJ 270 o 561.6 
Nivel de tensión: 22.9 kV 

Caracteñstica T63-121 

Fabricante TRIDELTA 
Modelo SBK-111/10.2 

Ur kV 21 

In kA 10 

Clase 2 

Capacidad de energía kJ 94.5 
Nivel de tensión: 10 kV 

Característica T51-161 
T54-61 

T63-161 
T52-61 

Fabricante ANSCO (2) TYCO (3) 
Modelo XBE MCAQ15 --

Ur kV 12 15 15 

In kA 10 10 -

Clase 3 3 -

Capacidad de energía kJ 54 67.5 67.5 

{1} Debidos /s antigüedad del equipo no se encontró información suf"tciente del fabricante. Por tanto se optó por tomar datos de 
pararrayos ABB Modelo EXLI M Q. 

(2)Debido a la antigüedad del equipo no se encontró información suficiente del fabricante. Por tanto se optó por tomar datos de 
pararrayos Cooper Varistar Modelo AZG3. 

(3)No se cuenta con información técnica de este pararrayos. Sin embargo se optó por tomar datos de pararrayos de mayor tensión 
residual. 

Para la coordinación de aislamiento se utiliza la siguiente información típica de un 

descargador de sobretensiones según muestra la Tabla 3.5 
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Tabla 3.4 Selección de pararrayos 

Tensión Nominal 
Caracteristica 

138 kV 60 kV 22.9 kV 10 kV 

Um kV 145.0 72.5 24.0 17.5 

COV = Um / raiz(3) kV 83.7 41.9 13.9 10.1 

Ke 1.4 1.4 1.4 1.4 

TOV=Ke.COV kV 117.2 58.6 19.4 14.1 

Ko 0.8 0.8 0.8 1.8 

Ro= COV/Ko kV 104.6 52.3 17.3 5.6 

Kt 1.2 1.2 1.1 1.2 

Re =TOV/Kt kV 101.9 51.0 18.3 12.3 

R* = max(Ro,Re) kV 104.6 52.3 18.3 12.3 

Fs 1.05 1.10 1.10 1.10 

R = R*. Fs kV 109.9 57.6 20.1 13.5 

Ur kV 120 60 21 14 

In kA 10 10 10 10 

Clase 2ó3 2ó3 2ó3 2ó3 

Tabla 3.5. Niveles de protección al impulso tipo rayo y maniobra 

Tensión 138 kV 60 kV 22.9 kV 10kV 

Ubicación T51-161 T63-261 CL-LÍNEAS T54-61 T52-61 T51-161 T63-121 T51-161 
T54-61 

T63-121 
T52-61 

Fabricante ABB TRIDELTA Coo�r Coo�r SIEMENS ABB TRIDELTA ANSCO TYCO -

Modelo 
XA0(1¡ 

SB108 
Varistar Varistar 3EL2063- XA0(1) 

SBK-111/10.2 XBE(2) MCAQ 15 (3) 145A2/108 AZ.G3 :,:ZG3 2PJ31 72/lJf72 

NPR (kV) 254 259 298 146 135 170 53.1 32.4 52.8 40.2 
NPM (kV) 214 220 247 121 118 143 45.1 26.7 39.7 33.2 

(1) Debido a la antigüedad del equ�o no se encomó infamación suficiente del fabricante. Pa tanto se q¡ló por tomar datos de pararrayos ABB Modelo EXLIM Q.
(2)Debido a la artigüedad del equipo no se ooaxiró infomtación suficim!e del fabricarte. Pa l3nlo se q¡tó por tomar datos de pararrayos Cooper Varislar Modelo P.J.G3.
(3)No se ruenla con infOllllaciál téalica áe este pararrayos, tampoco se encuenlra insfáaóo. Ski embargo se q¡ló patanar dalos de un pararrayos CooperVarislar AZG3.

3.3 Estudio de sobretensiones 

Las siguientes son las simulaciones efectuadas para las diferentes operaciones 

generadoras de sobretensiones: 

Sobretensiones temporales: 

Rechazo de carga ( efecto F erranti) 

- Falla monofásica en la subestación Juliaca

Sobretensiones de maniobra:

- Energización de líneas

- Recierre monopolar de líneas



Energización de transformadores 

Energización de equipos de compensación reactiva 

3.3.1 Sobretensiones Temporales: 

31 

El análisis del Efecto Ferranti, se realiza para cada una de las líneas de transmisión a 

138 kV, 60 kV y 10 kV dejando un extremo conectado a la tensión del sistema, mientras 

que el otro extremo permanece abierto para realizar los registros de tensión. 

Se simula una falla monofásica para cada uno de los 4 barrajes a 138 kV, 60 kV, 

22.9 kVy 10 kV de la subestación y se observa la sobretensión 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 tensión, para 

expresar los valores de sobretensiones en p.u. 

Para el sistema de 138 kV: 

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

195,2 kV (tensión base pico fase-fase) 

Para el sistema de 60 kV: 

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

84,9 kV (tensión base pico fase-fase) 

Para el sistema de 22.9 kV: 

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

32,4 kV (tensión base pico fase-fase) 

Para el sistema de 10 kV: 

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

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

Las maniobras estadísticas simuladas, permiten obtener los valores medios y la 

desviación estándar (cr) con las cuales se calcula el valor estadístico que corresponde a las 

sobretensiones con el 98% de probabilidad de ocurrencia, que serán utilizadas 

posteriormente para los estudios de coordinación de aislamiento de acuerdo a las Normas 

IEC 60071-1 y IEC 60071-2. 

Energización de líneas y transformadores 

Para simular esta maniobra se mantiene el interruptor de un extremo del elemento 

abierto y se realiza la energización a través del interruptor del otro e:xiremo. 



32 

En el extremo que permanece abierto se debe llevar registro de la tensión fase-fase, la 

tensión fase-neutro y la energía del pararrayos asociado. 

Recierre monopolar 

Para simular esta maniobra se efectúan los siguientes pasos: 

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

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

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

caso más exigente para el aislamiento. 

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

en ambos extremos de la línea. 

600 ms después de la apertura de la línea (tiempo muerto) se efectúa el recierre 

monofásico de la fase fallada en un extremo de la línea manteniendo el otro extremo 

abierto. 

En el extremo que permanece abierto se debe llevar registro de la tensión fase-fase, la 

tensión fase-neutro y la energía 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 tensión nominal rms y para las 

sobretensiones de maniobra se utiliza como base la tensión nominal pico. 

Estos valores en por unidad están referencias a la tensión nominal. El efecto Ferranti 

es más notorio en las líneas de alta tensión que tienen mayor distancia, para este caso en la 

línea Azángaro-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 LÍNEAS 

Extremo REGISTRO DE 
SOBRETENSION SOBRETENSION 

LÍNEA Energización r�Uf\.tAu�•· Fase • Tierra Fase. Fase 
aliieito t:Ni:>IUNt:N 

P.U. D.U. 

LINEAS 138 kV 

Azángaro -Juliaca Azángaro Juliaca Juliaca 1.02 1.02 

Puno -Juliaca Puno Juliaca Juliaca 1.11 1.11 

LÍNEAS 60 kV 

Puno -Juliaca Puno Juliaca Juliaca 1.04 1.04 

LÍNEAS 10 kV 

Taparachi -Juliaca Taparachi Juliaca Juliaca 1.00 1.00 



Tabla 3. 7 Resultados Sobretensión por falla monofásica 

SOBRETENSIONES POR FALLA MONOFASICA 

Sobretensión Fase-Tierra p.u Sobretensión Fase-Fase p.u 

Subestación Fase A FaseB FaseC FaseA-B Fase B-C Fase C-A 

Juliaca 138 kV 0.00 1.03 0.98 0.59 1.11 0.57 

Juliaca 60 kV 0.00 0.98 0.96 0.56 1.10 0.55 

Juliaca 10 kV 0.00 1.46 1.43 0.85 1.10 0.82 

Juliaca 22.9 kV 
0.00 0.98 

(Futuro) 
0.96 0.56 1.10 0.55 

Tabla 3.8 Sobretensiones fase - tierra por energización de líneas 

REGISlRO 
ENERGIZACIÓN EN DE TENSIÓN VALOR 

EN MEDIO 
p.u.

Juliaca • AZÍllgaio 
Juliaca 1.540 

extremo remolo 

Juliaca • Puno extremo 
Juliaca 1.537 

remolo 

Juliaca • Puno extremo 
Juliaca 1.667 

remoto 

Jufiaca • Taparachi 
Jotiaca t.064

extremo remolo 

FASE A 

G 

0.098 

0.073 

0.214 

0.029 

SOBRET_ENSIÓN l VALORESTADISTICA 
I 

MEDIO
(9!%) 

p.u. 
p.u. 

LÍNEAS 138 kV 

1.742 1.509 

1.687 1.546 

LÍNEAS60kV 

2.108 1.588 

LÍNEAS10kV 

t.t24 t.058

FASES FASEC 
SOBRElENSIÓN VALOR SOBRElENSIÓN 
ESTADÍSTICA ESTADÍSTICA MÁXIMA 

G . (98%) MEDIO G 

(9!%) 

p.u. 
p.u. 

p.u.

0.121 1.757 1.525 0.113 1.758 1.758 

0.071 1.692 1.542 0.091 1.729 1.729 

0.242 2.087 1.605 0.225 2.068 2.108 

0.032 f.f24 t.062 0.03t 1.125 1.125 

Tabla 3.9 Sobretensiones fase - fase por energización de líneas 

FASESA-C FASES B-C FASESA-B 

REGISTRO 
VALOR 

SOBRETENSIÓN SOBRETENSIÓN SOBRETENSIÓN 
ENERGIZAC10N EN DETENSION ESTADÍSTICA 

VALOR 
ESTADÍSTICA 

VALOR 
ESTADÍSTICA 

EN 
MEDIO (J 

(98%) 
MEDIO (J 

(98%) 
MEDIO (J 

(98%) p.u.
p.u.

p.u.
p.u. p.u. p.u.

LÍNEAS 138 kV 

Juliaca -Azángaro 
Jutiaca 1.400 0.176 f.770 1.386 0.168 1.733 f.409 0.179 f.778extremo remoto 

Juliaca -Puno extremo 
Juftaca 1.490 0.164 1.828 remoto 1.515 0.154 1.833 1.459 0.165 1.800 

LÍNEAS 60 kV 

Juliaca • Puno extremo 
Jufiaca 1.633 0.236 2.119 

remoto 
1.601 0.252 2.120 1.631 0.247 2.140 

LÍNEAS10kV 

Juliaca • Taparachi 
1.054 0.021 1.096 1.052 0.021 1.094 1.054 0.022 1.099 extremo remato Juliaca 
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MÁXIMA 

1.778 

1.833 

2.140 

1.099 
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Tabla 3.10 Energía en descargadores de sobretensiones por energización de líneas 

ENERGIZACIÓN 
REGISTRO DE ENERGIA MA)CIMA 

TENSIÓN EN . {J\ 

Linea Juliaca - Azángaro 138 kV Juliaca 9659.00 

Línea JuHaca - Puno 138 kV Juliaca 7617.02 

Línea Juliaca - Puno 60 kV Juliaca 0.04 

Línea Juliaca -Taparachi 10 kV Juliaca 0.0025 

De los resultados de la Tabla 3.8 y la Tabla 3.9 se observa que la sobretensión máxima 

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

energización de líneas fue de 9,6 kJ para las líneas de 138 kV, 0.04 J para la línea de 60 kV 

y 0.0025 J para la línea de 10 kV. En ninguno de los casos se supera la energía 

especificada en las hojas técnicas de los pararrayos. 

Se presentan resultados estadísticos de sobretensiones por maniobra de rec1erre 

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

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

analizadas. 

Tabla 3.11 Sobretensiones fase - tierra por recierre monopolar 

FASEA FASE B FASEC 

REGISTRO 
VALOR SOBRETENSJÓN SOBRETENSIÓN SOBRETENSIÓN 

RECIERRE EN DE TENSIÓN VALOR VALOR 
MÁXIMA 

EN 
MEDIO (J ESTADÍSTICA (98%) MEDIO (J ESTADÍSTICA (98%) MEDIO (J ESTADÍSTICA (98%) 

p.u. p.u. p.u. p.u. p.u. p.u.

LÍNEAS 138 kV 

Juüaca. Azálgtro 
Juliaca 1.534 0.235 2.017 1.528 0117 1.976 1.702 0.174 2.000 2.000 

extremo remolo 

JIJiaca • Puno extremo 
Jlfiaca 1.549 0.185 1.930 1.Sffi 0.184 

remoto 
1.947 1.611 0.172 1.965 1.005 

Tabla 3.12 Sobretensiones fase - fase por recierre monopolar 

FASl:SA-C FASES B-C FASESA·B 

REGISTRO 
SOBRETENSIÓN SOBRl:TENSIÓN SOBRETENSIÓN RECIERRE EN DE TENSIÓN VALOR VALOR VALOR 

MÁXlMA 

EN 
MEDIO (J ESTADÍSTICA (98%) MEDIO (J ESTADÍSTICA (98%) MEDIO (J ESTADÍSTICA (98%) 
p.u. p.u p.u. p.u. p.u p.u.

ÚNEAS138kV 

Juiaca-Azátgao 
Jufiaca 1.484 0.164 1.822 1.48.S 0.117 1.726 1.375 Q176 1.737 1.822 extremo remolo 

Jufiaca • P1110 extremo 
Jufiaca 1.373 0.167 1.717 t420 0.176 1.783 

remolo 
1.374 0.153 1.689 1.783 
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Tabla 3.13 Energía en descargadores de sobretensiones por recierre monopolar 

REGISTRO DE ENERGIA MAXIMA 
RECIERRE EN 

TENSIÓN EN (J) 

Línea Juliaca - Azángaro 138 kV Juliaca 38859.69 

Línea Juliaca - Puno 138 kV Juliaca 26316.41 

Tabla 3.14 Sobretensiones fase - tierra por energización de transformadores 

FASE A FASES FASEC 

SOBRETENSIÓN 
VALOR 

SOBRETENSIÓN 
VALOR 

SOBRETENSIÓN 
�GIZACIÓN EN 

REGISlRO DE VALOR ESTADÍSTICA ESTADÍSTICA ESTADÍSTICA MÁXIMA 
TENSIÓN EN MEDIO (J 

(98%) 
MEDIO (J 

(98%) 
MEDIO (J 

(98%) 
p,IL 

p.lL 
p.lL 

p,IL p,IL 
p.u. 

TRANSFORMADOR T63-121 
138/22.9/10 kV 

Alta tensión 1.002 0.005 1.012 1.002 0.005 1.012 1.002 0.006 1.014 1 .014 

AL.TA TENSIÓN Media tensión 1.036 0.014 1.(164 1.035 0.012 1.059 1.Ctl3 0.009 1.052 1.004 

Baja tensión 1.278 0.034 1.348 1.305 0.026 1.358 1.000 0.012 1.114 1.358 

TRANSFORMADOR T51-161 
138J6W10kV 

Alta tensión 1.013 0.014 1.041 1.017 0.023 1.064 1.013 0.015 1.043 1.004 

AL TA TffiSIÓN llelia tensión 1.016 0.018 1.053 1.021 O.D25 1.073 1.018 0.0'20 1.060 1.073 

Baja tensión 1.017 0.021 1.0fl9 1.017 0.020 1.0fl9 1.017 0.022 1.062 1.002 

TRANSFORMADOR T5-H1 
60/10kV 

Ala tensión 0.996 0.001 0.998 0,996 0.001 0.998 0.996 0.001 0.998 0.998 
ALTA TENSIÓN 

Bajalemión 0.993 0.001 0.995 0.993 0.000 0.004 0.993 0.001 0.995 0.995 

Ala tensión 1.010 Q001 1.011 1.010 0.001 1.011 1.010 0.001 1.011 1.011 
BAJA TENSIÓN 

Baja tensión 1.010 0.001 1.012 1.010 0.001 1.012 1.010 0.001 1.012 1.012 

TRANSFORMADOR T52-61 
60/10kV 

Ala tensión 0.995 0.005 1.000 0.003 0.003 1.000 0.993 0.004 1.001 1.006 
ALTAlmSIÓN 

Baja tensión 0.986 0.002 0.989 0.986 0.001 0.989 0.986 0.002 0.989 0.989 

Atta tensión 1.015 0.018 1.052 1.014 0.017 1.050 1.014 0.018 1.051 1.052 
BAJA TENSIÓN 

Bajalemión 1.013 0.015 1.044 1.012 0.016 1.045 1.016 0.019 1.056 1.056 

De los resultados de la Tabla 3.ll y la Tabla 3.12 se observa que la sobretensión 

máxima no supera 2,06 p.u. La máxima energía encontrada para el recierre monofásico 

fue de 38,9 kJ para las líneas de 138 kV estudiadas. En ninguno de los casos se supera la 
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energía especificada en las hojas técnicas de los pararrayos por lo que los pararrayos 

operan correctamente a estas maniobras sin dañarse. 

Los siguientes son los resultados de las sobretensiones por energización de 

transformadores. Se presentan resultados estadísticos de sobretensiones fase - tierra (Tabla 

3.14) y fase-fase (Tabla 3.15) y los resultados de energía máxima en los descargadores de 

sobretensiones (Tabla 3 .16) para 100 maniobras analizadas. De estos resultados se observa 

que la sobretensión máxima no supera el 1,3 p.u. y la máxima energía absorbida por los 

pararrayos es menor que 0,146 J. En ninguno de los casos se supera la energía especificada 

en las hojas técnicas de los pararrayos. 

Tabla 3.15 Sobretensiones fase - fase por energización de transformadores 

FASES A.C FASESB-C FASES A-8 

REGISTRO DE VALOR 
SOBRETENSIÓN 

VALOR 
SOBRETENSIÓN 

VALOR 
SOBRETENSIÓN 

ENER GIZACIÓN EN 
TENSIÓN EN MEDIO 

ESTADÍSTICA 
MEDIO 

EST ADÍSllCA ESTADÍSTICA MÁXIMA 

(98%) 
cr 

(98%) 
MEDIO cr 

(98%) 
p.u. 

p.u.
p.u. 

p.u. 
p.u. 

p.u.

TRANSFORMADOR T�121
138/22.9/10 kV 

Afta tensión 1.003 0.006 1.015 1.002 0.005 1.013 1.002 0.004 1.010 1.015 

ALTA TENSIÓN Mecia ltnsión 1.036 0.014 1.066 1.035 0.013 1.061 1.036 0.014 1.066 1.066 

Baja tensión 1.035 0.010 1.032 1.032 0.007 1.047 1.034 0.008 1.051 1.051 

TRANSFORMADOR T51-161 
138/60/10 kV 

Afta tensión 1.014 0.014 1.043 1.014 0.013 1.040 1.014 0.012 1.039 1.043 

ALTA TBISIÓN MecfiatemiÍlll 1.017 0.021 1.060 1.016 0.020 1.057 1.017 0.020 1.057 1.060 

Baplensión 1.018 0.020 l.020 1.020 0.023 1.066 l.023 0.026 1.076 1.076 

TRANSFORMADOR T54-61 
80/10 kV 

Alta tensión 0.996 0.001 0.997 0.996 0.000 0.997 0.996 0.001 0.998 0.996 
AL TA TENSIÓN 

Baja tensión 0.993 0.001 0.995 0.994 0.002 0.997 0.993 0.001 0.995 0.997 

Alta tensii>n 1.010 0.001 1.011 1.010 0.001 1.011 1.010 0.001 1.011 1.011 
BAJA TENSIÓN 

Baja tensión 1.010 0.001 1.011 1.010 0.001 1.011 1.010 0.001 1.011 1.011 

TRANSFORMADOR T52-61 
60/10 kV 

Alta tensii>n 0.993 0.004 1.002 0.993 0.004 1.002 0.993 0.004 1.002 1.002 
ALTA TENSIÓN 

Baja tensión 0.986 0.001 o.ssa 0.985 0.001 0.987 0.986 0.000 0.986 0.988 

Alta tensión 1.010 0.013 1.036 1.009 0.012 1.034 1.011 0.014 1.040 1.040 
BAJA TENSIÓN 

Baja tensii>n 1.015 0.018 1.052 1.014 0.01a 1.051 1.014 0.017 1.050 1.052 



Tabla 3.16 Energía en descargadores de sobretensiones por energización de 

transformadores 

ENERGIZACIÓN 
REGISTRO DE ENERGIA MAXIMA 

TENSIÓN EN {J\ 

Alta tensión 0.1073 

TRANSFORMADOR T63-121 
Media tensión 0.0161 

138/22.9/10 kV 

Baja tensión 0.0043 

Alta tensión 0.0670 

TRANSFORMADOR T61-161 
Media tensión 0.0190 

138/60/10 kV 

Baja tensión 0.0032 

Alta tensión 0.0227 
TRANSFORMADOR T64-61 

60/10 kV 
Baja tensión 0.0026 

Alta tensión 0.0225 
TRANSFORMADOR T62-61 

60/10 kV 
Baja tensión 0.0025 

3.4 Cálculo de Coordinación de Aislamiento para equipos en 138 kV 

37 

Tal como se observa en el Anexo D "Detalle de la Subestación Juliaca" este nivel de 

tensión se ha dividido en 4 zonas o área de protección, para facilitar los cálculos y 

resultados, las cuales son: 

1. Equipos transformadores (Para todos los niveles de tensión).

2. Equipos ubicados en el campo celda de líneas (Líneas en 138 kVy 60 kV).

3. Equipos ubicados en el campo de barras o celda del transformador TS 1-161.

4. Equipos ubicados en el campo de Ampliación (Transformador cuya puesta en servicio

fue en febrero 2009).

a) Cálculo de Coordinación de aislamiento para equipos transformadores

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

Tabla 3.17 Resultado del cálculo de coordinación de aislamiento 

Subestación 
H Aislamiento externo Aislamiento interno 

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 abnosférico Fase-tierra 470 383 331 268 

(sobretensiones de frente rápido) Fase-fase 470 594 331 415 
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b) Cálculo de Coordinación de aislamiento para equipos del campo celda línea

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

obtienen los niveles de aislamiento requeridos:

Tabla 3.18 Resultado del cálculo de coordinación de aislamiento 

H Aislamiento externo Aislamiento interno 
Subestación 

3800 Urw(s) Urw(c) Urw(s) Urw(c) 
Juliaca 138 kV 

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 rápido) Fase-fase 696 725 491 501 

c) Cálculo de Coordinación de aislamiento para equipos del campo celda trafo

Siguiendo la metodología descrita en el numeral 2.4 del presente informe se obtienen

los niveles de aislamiento requeridos:

Tabla 3.19 Resultado del cálculo de coordinación de aislamiento 

H Aislamiento externo Aislamiento interno 
Subestación 

3800 Urw(s) Urw(c) Urw(s) Urw(c) 
Juliaca 138 kV 

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 rápido) Fase-fase 984 725 694 501 

d) Cálculo de Coordinación de aislamiento para equipos del campo ampliación

Siguiendo la metodología descrita en el numeral 2. 4 deJ presente informe se obtiene se

obtienen los niveles de aislamiento requeridos:

Tabla 3.20 Resultado del cálculo de coordinación de aislamiento 

Subestación 
H Aislamiento externo Aislamiento interno 

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 rápido) Fase-fase 790 725 557 501 

3.5 Cálculo de Coordinación de Aislamiento para equipos en 60 kV 

Para este nive1 de tensión se ha distribuido el cálculo en 3 zonas o área de protección. 

1. Equipos transformadores



2. Equipos ubicados en el campo de barras

3. Equipos ubicados en el campo de celdas de línea

a) Cálculo de Coordinación de Aislamiento para equipos transformadores

Siguiendo la metodología descrita en el numeral 2. 4 del presente informe se obtiene:

Tabla 3.21 Resultado del cálculo de coordinación de aislamiento 

H Aislamiento externo Aislamiento interno 
Subestación 

3800 Urw(s) Urw(c) Urw(s) 
Juliaca 60 kV 

m.s.n.m (kV) (kV) (kV) 

Soportabilidad a frecuencia indusbial Fase-tierra 74 156 48 

(sobretensiones temporales) Fase-fase 127 175 83 

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 

(sobretensiones de frente rápido) Fase-fase 310 305 207 

b) Cálculo de Coordinación de Aislamiento para equipos en la barra

Urw(c) 

(kV) 

83 

94 
-

-

182 

208 

39 

Siguiendo la metodología descrita en el numeral 2.4 del presente informe se obtienen

los niveles de aislamiento requeridos:

Tabla 3.22 Resultado del cálculo de coordinación de aislamiento 

H Aislamiento externo Aislamiento interno 
Subestación 

3800 Urw(s) Urw(c) U,w(s) 
Juliaca 60 kV 

m.s.n.m (kV) (kV) (kV) 

Soportabilidad a frecuencia indusbial Fase-tierra 74 156 48 

( sobre tensiones temporales) Fase-fase 127 175 83 

Soportabifidad 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 

(sobretensiones de frente rápido) Fase-fase 307 305 205 

c) Cálculo de Coordinación de Aislamiento para equipos Celda línea

Urw(c) 
(kV) 

83 

94 
-

-

182 

208 

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

obtienen los niveles de aislamiento requeridos:

Tabla 3.23 Resultado del cálculo de coordinación de aislamiento 

Subestación 
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 127 217 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 rápido) Fase-fase 357 377 239 255 

3.6 Cálculo de Coordinación de Aislamiento para equipos en 22.9 kV 
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Para este nivel de tensión se ha distribuido el cálculo en 3 zonas o área de protección. 

1. Equipos transformadores

2. Equipos ubicados en el campo celda de transformador

a) Cálculo de Coordinación de Aislamiento para equipo transformador

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

niveles de aislamiento requeridos:

Tabla 3.24 Resultado del cálculo de coordinación de aislamiento 

H Aislamiento externo Aislamiento interno 
Subestación 

3800 Urw(s) Urw(c) Urw(s) Urw(c) 
Juliaca 22.9 kV 

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-tierra 94 72 69 50 

(sobretensiones de frente rápido) Fase-fase 94 63 69 44 

b) Cálculo de Coordinación de Aislamiento para equipos en celda transformador

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

los niveles de aislamiento requeridos:

Tabla 3.25 Resultado del cálculo de coordinación de aislamiento 

Subestación 
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-tierra 125 72 69 50 

(sobretensiones de frente rápido) Fase-fase 125 63 69 44 

3.7 Cálculo de Coordinación de Aislamiento para equipos en lOkV 

Para este nivel de tensión se ha distribuido el cálculo en 3 zonas o área de protección. 

1. Equipos transformadores

2. Transformador Ampliación T63 barra 10 kV

3. Equipos ubicados en Barra A

4. Equipos ubicados en Barra B

a) Cálculo de Coordinación de Aislamiento para equipo transformador

Siguiendo la metodología 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 cálculo de coordinación de aislamiento 

H Aislamiento externo Aislamiento interno 
Subestación 

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

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 atmosféñco Fase-tierra 88 72 59 50 

(sobretensiones de frente rápido) Fase-fase 88 51 59 35 

b) Cálculo de Coordinación de Aislamiento para equipo Transformador Ampliación

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

Tabla 3.27 Resultado del cálculo de coordinación de aislamiento 

H Aislamiento externo Aislamiento interno 
Subestación 

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

m.s.n.m (kV) (kV) (kV) 

Soportabilidad a frecuencia industrial Fase-tierra 18 41 12 

( sobretensiones temporales) Fase-fase 31 29 20 

Soportabilidad al impulso de maniobra Fase-tierra 68 - 46 

(sobretensiones de frente lento) Fase-fase 48 - 32 

Soportabilidad al impulso atmosféñco Fase-tierra 114 72 76 
(sobretensiones de frente rápido) Fase-fase 114 51 76 

c) Cálculo de Coordinación de Aislamiento para equipo en Barra A

Urw(c) 

(kV) 

23 

16 
-

-
50 

35 

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

Tabla 3.28 Resultado del cálculo de coordinación de aislamiento 

Subestación 
H Aislamiento externo Aislamiento interno 

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

m.s.n.m (kV} (kV} (kV} 
Soportabilidad a frecuencia industrial Fase-tierra 18 41 12 

(sobretensiones temporales) Fase-fase 31 14 20 

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 

(sobretensiones de frente rápido) Fase-fase 96 24 64 

d) Cálculo de Coordinación de Aislamiento para equipo en Barra B

Urw(c) 

(kV) 

23 

8 

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

Tabla 3.29 Resultado del cálculo de coordinación de aislamiento 

Subestación 
H Aislamiento externo Aislamiento interno 

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 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 rápido} Fase-fase 94 51 63 35 
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3.8 Revisión del Apantallamiento. 

En el nivel de 138 kV, a simple vista en la subestación no se encuentra completo el

apantallamiento en el campo celda de líneas. El campo de Barras en 138 kV cuenta con 

cable de guarda. No se tiene información de planimetría en el nivel de 60 kV por lo que el 

apantallamiento no se podrá 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 líneas: 

La configuración actual no brinda un adecuado apantallamiento por lo que se 

requiere una nueva configuración de apantallamiento el cual se muestra en la Figura 3.2. 

Se deberán completar las secciones de cable de guarda CG 1 y CG2 con la finalidad de 

garantizar una protección contra el impacto de descargas atmosféricas en este campo de la 

subestación. 

La Tabla 3 .30 muestra que la altura de los casquilletes será 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 sí. 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 protección contra el impacto de descargas 

atmosféricas en este campo de la subestación. 

Tabla 3.30 Resultado del cálculo de Apantallamiento celda de líneas 138 kV 

DATOS DE ENTRADA DATOS DE SALIDA 

Código del conductor AAAC..300mm2 
Longitud cadena de aisladores, 

21 Radio equivalente, Ro (m) 0.000 
w(ml 

Coeficiente geométrico del 
Gradiente de tensión en la 

Sección del conductor (mm
2) 300 0.9 superficie del conductor, E0 1270.86 

conductor, mg 
lkV/ml 

Diámetro del conductor (mm) 22.5 
Coeficiente de limpieza del 

0.9 
Tensión crítica de flameo, CFO 

1154.79 
conductor, mi (kVI 

Número de subconductores por 
1 

Máxima 1ensión soportada al 
750 Radio corona, Re (m) 0.045 

fase, n impulso atmosféñco, BIL (kV) 

Configuración del 
Dos cables de 

Impedancia carac1erística, Z., 
Longitud del vano, L (m) 40500 guarda por 827.57 

apantallamiento 
campo 

(ohms) 

Altura de los cables de fase, h 
12000 Distancia de pr1ección, 2d (m) 14 Corñen1e crítica, le (kA) 1.99 

fm) 
Separación entre 

o Distancia de seguñdad (mi 0.5 Distancia de descarga, Sm (mi 12.53 
subconductores, 1 (mi 

Altura s.n.m, H (mi 3800 
Altura efectiva del 

apantallamiento, he (mi 
2.14 

Temperatura ambiente máxima, 
15 Altura de diseño, Hs (mJ 2.44 

ti ºe 1 
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Tabla 3.31 Resultado del cálculo de Apantallamiento en el campo Barras 138 kV 

DATOS DE ENTRADA DATOS DE SALIDA 

Código del conductor AAAC-300mm2 
longitud cadena de aisladores, 

2.1 Radio equivalente, R.,(m) 0.000 
w(m) 

Coeficiente geométrico del 
Gradiente de tensión en la 

Sección del conductor (mm2) 300 0.9 supeñicie del conductor, Eo 1270.86 
conductor, mg 

tkVlml 

Diámetro del conductor (mm) 22.5 
Coeficiente de limpíeza del 

0.9 
Tensión crítica de flameo, CFO 

1154.79 
conductor, mi (kV) 

Número de subconductores por 
1 

Máxima tensión soportada al 
750 Radio corona, Re (m) 0.045 

fase, n impulso atmosférico, Bll (kV) 

Configuración del 
Dos cables de Impedancia característica, Z., 

Longitud del vano, L (m) 42000 guarda por 827.40 
apantallamiento campo 

(ohms) 

Altura de los cables de fase, h 

(mi 
12000 Distancia de prtección, 2d (m) 20 Corrienb! crítica, 10 (kA) 1.99 

Separación entre 
o Distancia de seguñdad (m) 

subconductores, 1 (m) 
0.5 Distancia de descarga, Sm (m) 12.53 

Altura s.n.m, H (m) 3800 
Altura efectiva del 

4.98 
apantallamiento, he (m) 

Temperatura ambiente máxima, 
15 Altura de diseño, H, (m) 6.06 

t1 ºe 1 

3.8.3 Apantallamiento del Campo asociado a la ampliación 

• El campo de Ampliación 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 cálculo de Apantallamiento en el campo asociado a la

Ampliación 

DATOS DE ENTRADA DATOS DE SALIDA 

Código del conductor AAAC-300mm2 
Longitud cadena de aisladores, 

w(m) 
2.1 Radio equivalente, R.,(m) 0.000 

Coeficiente geométrico del 
Gradiente de tensión en la 

Sección del conductor {mm2) 300 0.9 superficie del conductor, E0 1267.23 
conductor, mg 

lkV/ml 

Diámetro del conductor (mm) 22.5 
Coeficiente de limpíeza del 

0.9 
Tensión crítica de flameo, CFO 

1154.79 
conduc1Dr, mi (kV) 

Número de subconductores por 
1 

Máxima tensión soportada al 
750 Radio corona, Re (m) 0.046 

fase, n impulso atmosféñco, 8ft. (kV) 

Configuración del 
Dos cables de 

Impedancia caracteñstica, Z0 Longitud del vano, L f m) 42000 guarda ¡:xir 800.22 
apantallamiento 

cam¡:xi (ohmsJ 

Altura de los cables de fase, h 

(m) 
8000 Distancia de prtección, 2d (m) 21.5 Corriente critica, le (kA) 2.06 

Separación entre 
o Distancia de seguridad (mJ 0.5 Distancia de descarga, Sm (mJ 12.80 

subconductores, 1 (m) 

Altura s.n.m, H (m) 3824 
Altura efectiva del 

5.85 
apantallamiento, he (m) 

Temperatura ambiente máxima, 
15 A/lura de diseño, H5 (mJ 7.37 

tl
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3.9 Diagnóstico de la Coordinación del Aislamiento 

Tabla 3.33 Resumen: Aislamiento requerido para Transformadores de Potencia 

Tensión soportada asignada de corta Tensión soportada asignada al 

Tensión asignada
duración a frecuencia industrial impulso tipo rayo 

Ur Descripción Ud Up 
kV (valor encaz) kV (valor eficaz) kV (valor pico) 

Entre fase y tierra, y entre fases Entre fase y tierra, y entre fases 

145 Tratos 138 kV 275 650 

72.5 Trafos60kV 140 325 
24 Trafos 22.9 kV 50 95 

12 Trafos 10 kV 28 95 

24 T63-121 -10 kV 50 125 

Tabla 3.34 Resumen: Aislamiento Requerido para Equipos de Maniobra 

Tensión soportada asignada de corta Tensión soportada asignada al 

Tensión asignada 
duración a frecuencia industrial impulso tipo rayo 

uf

Descripción del Nivel de Tensión 
Ud up campo analizado Nominal 

kV �alor eficaz) kV (Yaloreíícaz) kV �lor pico) 

Entre fase y tierra Entre fase y fase Entre fase y tierra Entre fase y fase 

145 campo Celda lineas 138 325 325 750 750 

145 Campo Celda Trafo 138 460 460 1050 1050 

145 Campo Ampliación 138 360 360 850 850 
72.5 Campo Barra 60 140 140 325 325 

72.5 Cam¡xi Celda Linea 60 150 150 380 380 
24 campo Barra A 10 50 50 125 125 

17.5 campo barra B 10 50 50 125 125 

Tabla 3.35 Resumen: Aislamiento Interno Requerido 

Tensión asignada Tensión soportada asignada de corta Tensión soportada asignada al 

Ur Descripción Ud UD 
AJ \lalVI VIMII•/ 

kV (valor eficaz) kV {valor pico) 

Entre fase y tierra, y entre fases Entre fase y tierra, y entre fases 

145 Tratos 138 kV 230 550 

72.5 Trafos60kV 140 325 

24 T rafos 22.9 kV 50 95 

12 Trafos 10 kV 28 95 

24 T63-121-10 kV 38 95 



3.9.1 Diagnóstico del Campo Ampliación 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 
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Seccionador de barra SA-4453 y TC-4159 no cumple con requerimientos de coordinación 

de aislamiento. 

3.9.2 Diagnóstico del Campo Celda Líneas 138 kV 

El nivel de aislamiento requerido en campo es 750 kV 

El nivel de aislamiento de los Transformadores de Tensión 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 Diagnóstico del Campo Celda Barras 138 kV del TSl-161 

El nivel de aislamiento requerido en campo es 1050 kV 

El nivel de aislamiento de los Transformadores de Tensión 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 T5 l-161 no cumple con requerimientos de 

coordinación 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 coordinación de aislamiento. 

Los equipos ubicados en los niveles de 60 kV y 22.9 kV cumplen con los 

requerimientos de aislamiento. 

Los equipos de 1 O kV cumplen parcialmente los requerimientos de aislamiento. 

3.10 Recomendaciones para mejorar el aislamiento de la subestación 

l. Retirar el Transformador T51-161 por tener un aislamiento interno menor al requerido.

2. Se deberá instalar un juego de 3 pararrayos antes del seccionador de barra de cada

celda de línea.

3. Los pararrayos a emplear serán Tensión Nominal 120 kV cuya tensión residual no

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

l. Nivel de aislamiento requerido para el campo ampliación y celda del T51-16lserá 750

kV.

2. Nivel de aislamiento de Seccionador es 750 kV.

3. El nivel de aislamiento del transformador de corriente es 750 kV

4. Nivel de aislamiento de Interruptor es 1050 kV.

5. El transformador de tensión cuyo aislamiento es 650 kV deberá cambiarse por otro de

aislamiento 750 kV.



CONCLUSIONES Y RECOMENDACIONES 

El procedimiento para el cálculo de la coordinación de aislamiento sigue los principios 

básicos de la recomendación IEC-60071 [l], [2]. Todo el proceso, según indica la 

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

Normalizada (Uw) que proporcione de la manera más eficaz y económica una rigidez 

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

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

numérica que permita definir el aislamiento de la subestación estudiada. 

De los resultados obtenidos de la revisión de la coordinación de aislamiento y de la 

revisión a la metodología propuesta en la norma IEC 60071 Parte 1 yParte 2 se concluyen 

las siguientes: 

1. Es importante verificar la coordinación de aislamiento de subestaciones existente para

determinar si los equipos de la subestación están protegidos adecuadamente contra

descargas atmosféricas. En el caso particular de la subestación Juliaca se deberá

ejecutar el siguiente plan de obras con la finalidad de mejorar la coordinación de

aislamiento:

a. Retirar el transformador T51-161 por tener un aislamiento interno menor al requerido.

b. Instalar pararrayos antes de los Seccionadores SA-4303 y SA-4299. Los pararrayos a

emplear serán de Tensión Nominal Ur=120 kV y tensión residual no mayor que 298

kV, Clase 3 (Tomado de Catálogo Cooper Varistar)

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

750 kV.

2. Posibles caídas de rayos se pueden presentar por lo que se recomienda la revisión del

Apantallamiento de la Subestación basado el norma IEEE 998-1996- Guide for Direct

Lightning. Es importante comentar sobre la protección contra impacto de descargas

atmosféricas de la subestación en el cual se ha observado en campo que existen

deficiencias en el apantallamiento. Siguiendo con esta metodología de cálculo de

apantallamiento se plantean las siguientes medidas correctivas:



a. Instalar 2 cables de guarda (60 m c/u) en el campo de las celdas de líneas.

b. Elevar casquilletes del campo de barra a 6 metros.

c. Elevar postes del campo de ampliación a 16 metros.
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3. La metodología propuesta, basada en la recomendación de la norma IEC 60071, ha

sido descrita y aplicada a la Subestación Eléctrica Juliaca cuya antigüedad data de los

años 1970. El factor de corrección por altura Ka calculado mediante las fórmulas de

Halley para altitudes mayores a 2000 msnm resulta ser la mejor referencia (y única)

para calcular el factor de corrección por altura.

Adicionalmente se puede recomendar las siguientes materias: 

l. Se puede recomendar la instalación de explosores de arco en los equipos de de 138

kV, sin embargo, los explosores pueden provocar la desconexión de los equipos por

actuación de las protecciones interrumpiendo el servicio eléctrico, por lo que son de

baja confiabilidad.

2. El presente informe ha verificado distancias de separación entre fases observando los

planos de planta y de cortes (perfil) para el nivel de tensión de 13 8 k V habiendo

determinado que la separación entre equipos cumple con la recomendación 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 rápido (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 tensión. Asímismo, se podría

establecer un método de cálculo de coordinación de aislamiento tomando en cuenta

estas simulaciones, lo cual es materia de otro tema de investigación.

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

pararrayos de Carburo de Silicio y añadiendo a esto la antigüedad de los mismos, se

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

tecnología más moderna y cuyo diagnóstico está estandarizado en normas.

Finalmente, de acuerdo con el Anexo A hacemos un comentario sobre el factor por 

corrección por altura. Para equipos con tensiones de operación mayores a 138 kV se puede 

emplear la formulación 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 podrían ser más exigentes empleando las ecuaciones de Halley. 
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ANEXO A: FACTOR DE CORRECCIÓN POR ALTURA 

ANTECEDENTES 

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

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

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

formulación para diseñar subestaciones con altitudes mayores a 2000 msnm como es el 

caso del Pero. 

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

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

Tensión. 

CASOS A ANALIZAR 

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

zonas de la costa y sierra. 

Equinos con tensiones mayores a 138 kV 

Factores de corrección por condiciones atmosféricas <2000rnsnm =2000msnm >2000msnm Datos Juliaca >2000msnm >2000msnm 
a) Factor por densidad relativa del aire (f) 
Temp. Ambiente (ºC) 25 13 13 15 13 13 
Altura (msnm) 1000 2000 3000 3800 4000 5000 
b(CmHG) 67.0 59.1 52.1 47.2 46.0 40.6 
s (den. Rel.) 0.882 0.810 0.715 0.642 0.630 0.556 

f=(1/s) 1.13 1.23 1.40 1.56 1.59 1.80 

b) Factor de humedad absoluta del aire (Ha) 
Hr 90% 45% 45% 44% 45% 45% 
Ir a Tablas Notas de Yanque 
Ha Fec. lnd 0.900 1.06 1.06 1.075 1.06 1.06 
Ha lmpulsio Atmosférico 0.930 1.04 1.04 1.050 1.04 1.04 

e) Factor por brecha de aire 
Longitud de brecha (m) 1.7 1.7 1.7 1.7 1.7 1.7 
n 0.895 0.895 0.895 0.895 0.895 0.895 

Ka Free. lndus. 1.019 1.272 1.423 1.586 1.592 1.782 
Ka lmpulsional 1.049 1.250 1.399 1.553 1.565 1.752 
Ka lmpulsional IEC 1.131 1.278 1.445 1.594 1.634 1.847 



Equioos con tensiones menores a 138 kV 

Factores de corrección por condiciones atmosféricas <2000msnm =2000msnm >2000msnm Datos Juliaca >2000msnm >2000msnm 
a) Factor por densidad relativa del aire (f) 
Ternp. Ambiente ("C) 25 13 13 15 13 13 
Altura (msnm) 1000 2000 3000 3800 4000 5000 
o(CmHG) 67.0 59.1 52.1 4 7.2 46.0 40.6 
s (den. Rel.) 0.882 0.810 0. 715 0.642 0.630 0.556 

f=(1/s) 1.13 1.23 1.40 1.56 1.59 1.80 

b) Factor de humedad absoluta del aire (Ha) 
Hr 90% 45% 45% 4 4 %  45% 45% 
Ir a Tablas Notas de Yanque 
Ha Fec. lnd 0.900 1.06 1.06 1.075 1 .06 1.06 
Ha lmpulsio Atmosférico 0.930 1.04 1.04 1.050 1.04 1.04 

e) Factor por brecha de aire 
Longitud de l>r<>cha (m) 1 1 1 1 1 1 
n 1 1 1 1 1 1 

Ka Frec. lndus. 1.021 1.308 1.483 1.675 1.682 1.907 
Ka lmpulsional 1.055 1.283 1.455 1.636 1.650 1.871 
Ka lmpulsional IEC 1.131 1.278 1.445 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 

138kV 
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Figura l. Ka para equipos con tensiones mayores a 138 kV 



Equipos con tensiones menores a 
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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 operación 

mayores a 138 kV se puede emplear la formulación de la norma IEC 60071-1 con mayor 

seguridad de obtener valores conservadores. Sin embargo para tensiones menores a 13 8 k V 
hay que tener mucho cuidado, los aislamiento podrían ser más exigentes empleando las 

ecuaciones de Halley. 
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INTERNATIONAL ELECTROTECHNICAL COMMISSION 

INSULATION CO-ORDINATION -

Part 1: Deflnltions, principies and rules 

FOREWORD 

1) The lntematlonal Electrotechnlcal Commlsslon (IEC) Is a worldwlde organlzatlon for standardlzatlon comprlslng 
ell natlonal electrolechn/cal commlttees (IEC Natlonal Commlttees). Tho obJect of IEC Is to promote 
lntematlonal c:o-operatlon on an quesllons concernlng standardlzatlon In lhe electrlcal and eleclronlc flelds. To 
thls end and In addltlon to other actlvltles, IEC publlshes lnternatlonal Standards, Technlcal Speclflcelions, 
Technlcal Reports, Publlely Avallable Speclflcatlons (PAS) and Guidas (hereafter referred to as ·IEC 
Publlcatlon(sn. Thelr preparatton Is entrusted to technlcal eommlltees; any IEC Nallonal Commtttee lnterested 
In the subJect dealt wlth may parllclpate In lhls preparatory work. lnternatlonal, govemmental and non­
governmen1al organlzaUons nalslng wflh the IEC siso partlclpate fn thls preparallon. IEC collaborates closely 
wllh the lnlernatlonal Organlzatlon for Standardlzatlon (ISO) In accordance wlth condlllons determinad by 
egreement between the two organlzatlons. 

2) The formal declslons or agreements of IEC on technlcal matters express, as nearly as posslble, en lnternallonal 
consensus of oplnloi'I on lhe relevant subjeels slnce each technlcal commlllee has representatlon from al\ 
lnterested IEC NaUonal Commlllees. 

3) IEC Publlcatlons havo the form of recommendatlons for lntematlonal use and are acc•pted by IEC Natlonal 
Commlttees In that sense. Whlle ali roasonable efforts are made to ensure that the technlcal content of IEC 
Publlcatlons Is accurate, IEC cannot be hald responslble for the way In whlch they are used or for any 
mlslnterpretellon by any end user. 

4) In order lo promete lntemallonal unlformlty, IEC NaUonal CommlUees underlake to apply IEC Pub/lcatlons 
transparently to the maxlmum extent posslble In thelr natlonal and regional publlcatlons. Any divergente 
between any IEC Publlcatlon and the correspondlng nallonal or regional publlcallon shall be clearly lndlcated In 
the latter. 

5) IEC provldes no marklng procedure to lndlcate lls approval and cannot be rendered responslble for any 
equlpment declarad �o be In conformlty wlth an IEC Publlcatlon. 

6) AII users should ensure that they havo the latest edlllon of thls publlcatlon. 

7) No llablllty shall attach to IEC or lts dlrectors, employees, servants or agents lneludlng Individual experts and 
members of lts technlcal commlttees and IEC Natlonal Commlttees for any personal lnjury. property damage or 
other damage of any natura whatsoever, whelher direct or lndlrect, or for costs (lndudlng legal fees) and 
expenses arltlng out of the publlcatlon, use of, or rellanee upon, thls IEC Publlcatlon or any other IEC 
Publlcatlons. 

8) Attentlon Is drawn to lhe Normativa references clted In lhls publlcatlon. Use of the referenced publlcatlons Is 
lndlspe:nseble for the: correct appllcallon of thls publlcatlon. 

9) Altentlon Is drawn to the posslblllly that sorne of the elementt of lhls IEC Publlcallon may be the s11bject of 
patent rlghts. IEC shall not be held responslble for ldentlfylng any or ad such patent rlghts. 

lnternational Standard IEC 60071-1 has been preparad by IEC technical committee 28: 
lnsulation co-ordination. 

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

The main changas from the prevlous edition are as follows: 

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

- in the 11st of standard rated short-duration power frequency withstand voltages reportad in 
5.6 addition of 115 kV; 
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- in the list of standard rated impulse withstand voltages reportad in 5.7, addition of 200 kV 
and 380 kV; 

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

- in the standard insulation levels for ranga 11 { Um > 245 kV) (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 revisien of IEC 60071-2, addition of Annex A 
dealing with clearances in elr to assure a specified impulse withstand voltaga in 
installation; 

- in Annex B. limitation at two Um values fer the values of rated insulatien levels for 
1kV < Um,. 245 kV for highest voltages for equipment Um net standardized by IEC basad 
on current praclice in sorne countries, 

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

FDIS Report on votlng 

28/176fFDIS 281177/RVC 

Full infermation on the veting fer the approval of this standard can be found in the report en 
voting indicated in the above table. 

This publication has been drafted in accordance with the IS0/IEC Directivos, Part 2. 

The IEC 60071 comprises the following parts under the general tille lnsulation co-ordination: 

Par! 1: Definitions, principies and rules 

Par! 2: Applicalion guide 

Part 4: Computational guide to insulation co-ordination and modelling of electrical networks 

Part 5: Procedures for high-voltage direct curren! (HVDC) convertar stations 

The committee has decided that the contents of this publication will remain unchanged until 
the maintenance result date indicated on the IEC web sita under "http://webstore.iec.ch" In 
the data related to the specific publlcation. At this date, lhe publication will be 

reconfirmed; 
withdrawn; 
replaced by a revised edilion, or 
amended. 
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INSULATION CO-ORDINATION -

Part 1: Definltions, principies and rules 

Scope 

This par! of IEC 60071 applies to three-phase a.c. systems having a highest vottage ror 
equlpment above 1 kV. 11 specifies the procedure for the selaction of the rated withstand 
vo\tages for the phase-to-earth, phase-te-phase and longitudinal insulation of the equipment 
and the installations or these systems. 11 also gives the lists of the standard withstand 
voltages from which !he rated withstand voltages should be selected. 

This standard recommends that the selected withstand vollages should be associaled with the 
highest voltage ro, equipment. This association is for insu\ation co-ordination purposes only. 
The requirements ror human safety are nol covered by this standard. 

Altheugh the principies of this standard alse app\y to transmission line insulation, the values 
of their withstand voltages may be difieren! frem the standard rated withstand voltages. 

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

NOTE In IEC 60071-2. Appllcatlon Gulde. all rules ror lnsulatlon co-ordlnatlon glven In thls standard are Justmed 
In detall, In partlcular the assoclallon of !he standard raled wlthstand voltages wlth the hlghest voltage for 
equlpment. When more than one sel of standard rated wilhstand voltages Is assoclated wlth the same hlghest 
voltage for equlpmenl, guldance Is provlded for the seleclion of the most sultable set 

2 Normativo references 

The following referenced documents are indispensable far the app\ication of this document. 
For datad references, enly the edition citad applies. For undated references, the lates! edilion 
ef the referenced document (including any amendments) app\ies. 

IEC 60038:2002, IEC. standard voltages 

\EC 60060-1:1989, High-voltage test lechniques - Par/ 1: General dafinitions and test 
requirements 

IEC 60071-2, lnsulation 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-vollaga direct curren/ (HVDC) transmission 
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3 Terms and definltlons 

For the purposes of this document, the following terms and deflnltlons apply. 

3.1 
lnsulatlon co-ordlnatlon 
selectlon of lhe dielectric strength of equlpment in reletlon to the operetlng voltages end 
overvoltages which can appear on the system for which the equipment is lntended and taking 
into account the service environment and the characteristlcs of the available preventing and 
protectlve devices 

(IEC 604-03-08:1987, modlfied] 

NOTE By "dleleetr1c strength· of the equlpment, Is meant here lts retad or lts standard lnaurallon leve! as deflned 
In 3.35 and 3.36 respecilvety. 

3.2 

external lnsulatlon 
distances in atmospheric air, and the surfaces in contact with atmospheric air of solid 
insulation of the equipment whlch are subject to dielectric stresses and to the effects of 
atmospheric and other environmental conditions from the slte, such as pollution, humidity, 
vermin, etc. 

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

NOTE Externa! lnsulatlon Is elther weather protect&d or non-wealher protected, designad to operate lnslde or 
outslde ckJsed shelters respecUvefy. 

3.3 
lnternal lnsutatlon 
internal distances of the solid, llquid, or gaseous lnsulation of equipment which are protected 
from the effects of atmospheric and other external conditions 

[IEC 604-03-03:1987) 

3.4 
self-restorlng lnsulatlon 
insulation which, alter a short time, completely recovers its lnsulating properties arter a 
disruptiva discharge during test . 

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

NOTE lnsulatlon of thls klnd Is generatly, but not necessary, extemal lnsulallon 

3.5 
non self-restorlng insulatlon 
insulation which loses lts insulating properties, or does not recove, them completely, after a 
disruptive discharge during test 

(IEC 604-03-05: 1987, modified) 

NOTE The deflnltlons of 3.4 and 3.5 apply only when the dlseharge Is cau9ed by the appllcallon of a test voltage 
durlng e dlelectrtc test. However, dlscharges oceurrlng In sorvlce may cause a self-restorlng lnsulallon to lose 
partlally or completely Ita orlgtnal lnaulallng propartles. 

3.6 

lnsulatlon conflguratlon terminal 
any of the terminals belween any two of whlch a voltage that stresses the insulation can be 
applied. The types of terminal are: 

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

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

(e) earlh terminal, always solidly connecled to eerth in service (tank of transformers, base of 
disconnectors. structures of towers, ground plana, etc.). 
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3.7 
lnaulatlon conflguratlon 
complete geometric conílguratlon of the insulatlon in service, consisting of the insulation and 
of ali terminels. lt lncludes all elements (insulating and conducting) which influence lts 
dlelectric behavlour. The followlng insulatlon configurations are ldentified: 

3.7.1 
three-phase lnsulatlon conflguratlon 
configuration having three phase terminals, one neutral terminal and one earth terminal 

3.7.2 

phase-to-earth (p-e) insulation conflguration 
three-phase lnsulation configuration where two phase terminals are disregarded and, except 
in particular cases, the neutral terminal is earthed 

3.7.3 

phase-to-phase(p-p) insulatlon configuration 
three-phase lnsulation configuration where one phase terminal is disregarded. In particular 
cases, the neutral and the earth terminals are also disregarded 

3.7.4 
longltudinal(t-1) insulatlon configuration 
insulation conflguratlon havlng two phase terminals and one earth terminal. The phase 
terminals belong to the same phase of a three-phase system temporarily separated into two 
lndependently energizad parts (e.g. open switchlng devlces). The four terminals belonging to 
the other two phases are disregarded or earthed. In particular cases one of the two phase 
termlnals considerad is earthed 

3.8 

nominal voltage of a system 
u. 
suitable approximate value of voltage usad to designate or identlfy a system 

(IEC 601-01-21:1985) 

3.9 

hlghest voltage of a system 
u. 
hlghest value of the phase-to-phase operatlng voltage (r.m.s. value) which occurs under 
normal operating conditions al any time and al any polnt in the system 

(IEC 601-01-23:1985, modified] 

3.10 
hlghest voltage for equlpment 
Um 
highest velue of phase-to-phase voltage (r.m.s. value) for which the equlpment is designad in 
respect of its insulatlon es well as other characteristlcs whlch relate to this vollege in the 
releven! equipment Standards. Under normal servlce conditlons speclfled by the relevan! 
apparatus committee thls voltage can be applied contlnuously to the equipment 

(IEC 604-03-01:1987, modified] 
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3.11 
lsolated neutral system 
system where lhe neutral poinl is nol intentionelly connecled lo earlh, except for high 
impedance connections for protection or measurement purposes 

[IEC 601-02-24:1985] 

3.12 
solldly earthad neutral system 
system whose neutral poinl(s) is(are) earlhed direclly 

[IEC 601-02-25:19851 

3.13 
impedance earthad (neutral) system 
syslem whose neutral poinl(s) is(are) earlhed lhrough impedances lo limil earlh laull currenls 

[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 capacitiva componen! of a single-phase-lo-earlh faull currenl 

[IEC 601-02-27:1985] 

NOTE Wlth resonen1 earthlng of a system. the resldual currenl In the fault Is llmlted to such an extenl thal an 
arclng fault in air Is usually self.extlngutshing. 

3.15 
earth fault factor 
k 
at a given location of a three-phase system, and for a given system coníiguration, the ratio of 
the highest r.m.s. phase-to-earlh power frequency vollage on a heallhy phase during a faull lo 
earth affecting one or more phases al any point on the syslem lo the r.m.s. phase-to-earlh 
power frequency vollage which would be obtained al the given location in lhe absance of any 
such faull 

[IEC 604-03-06:19871 

3.16 
overvoltaga 
any vollage: 

- between one phase conductor and earth or across a longitudinal insulation having a peak 

value exceeding lhe peak of lhe highest voltage of the system divided by ;3 ; 

[IEC 604-03-09, modified] or 

- belween phase conduclors having a peak value exceeding the amplilude of lhe highesl 
vollage of lhe syslem 

[IEC 604-03-09:1987, modifiedl 
NOTE u_�le�,! olherwlse clearly lndlcated, such as for surge arresters, overvoltage values expressed In p.u. refer 
lo 1/3 Y. , 2 ·\3 
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3.17 
classlflca!lon of voltages and overvoltagas 
according to lheir shape and duralion, vollages and overvollages are divided in the lollowing 
clesses 

NOTE More detallR on lhe followlng slx flrsl volt.1ge9 and ovArvollages are also glven In Table 1, 

3.17.1 
continuous (power frequoncy) vollage 
power-írequency vollage, considered having conslant r.m.s. value. continuously applied to 
any pair of lerminals of an insulalion con!iguration 

3.17.2 
tamporary overvoltage 
TOV 
power frequency overvollage of relalively long duration 

IIEC 604-03-12:1987, modifiedl 

NOTE The ovarvol!age may be undamped or weakly damped In some cases lts frequency may be several limes 
smalhu or hlgher lhan power frequency. 

3.17.3 
translent ovorvoltage 
shorl-duration overvoltage of few milliseconds or less, oscillatory or non-oscillatory, usually 
highly damped 

(IEC 604-03-13:1987J 

NOTE Translenc overvoltnges may be lmmedlalety tollowed by temporary overvol1ages. In such cases the !wo 
overvoltages are considerad as separa te evenls. 

Transient overvollages are divided into: 

3.17.3.1 
slow-front overvoltage 
SFO 
lransient overvollage, usually unidireclional, with lime lo peak 20 µs < TP :S 5 000 µs, and lail 
duralion r2 :S 20 ms 

3.17.3.2 
fast-front overvoltage 
FFO 
transient overvollage, usually unidirectiona1, with time to peak 0.1 µs < T1 :s;: 20 µs. and tail 
duralion T2 < 300 µs 

3.17.3.3 
very-fast�front oVervoltage 
VFFO 
transient overvoltage, usually unidirectional with time to peak r1 :s;: O, f µs, and wilh or without 
superimposed oscillations al frequency 30 kHz < / < 100 MHz 

3.17.4 
combinad overvoltage 
consisling or lwo vollage componenls simultaneously applied belween each of lhe two phase 
lerminals oí a phase-to-phase (or longitudinal) insulalion and earlh. 11 is classified by lhe 
componen! of higher peak value (temporary, slow-fronl, fast-front or very-fasl-fronl) 
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3.18 
standard voltage shapos for test 
the following voltage shapes are standardized: 

NOTE Mora details on the following three first slandard voltage shapes are glven In IEC 60060-1 and also In 
Table 1. 

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

3.18.2 
standard swltching impulso 
impulse voltage having a time to peak of 250 µs and a lime to halí-value of 2 500 µs 

3.18.3 
standard lightning impulse 
impulse voltage having a front time o! 1,2 µs and a time to half-value of 50 µs 

3.18.4 
standard combined switching impulsa 
for phase-to-phase insulation, a combined impulse voltage having two components of equal 
peak value and opposite polarily. 

The positive component is a standard switching impulse and the negativa one is a switching 
impulse whose times to peak and hall value should nol be less \han those o! the positiva 
impulse. Both impulses should reach lheir peak value at \he same instan\. The peak value of 
the combinad voltage is, therefore, the sum of the peak values of \he components 

3.18.5 
standard combined voltage 
far longitudinal insulation, a combined voltage having a standard impulse on ene terminal and 
a power frequency voltage on \he other terminal. The impulse componen\ is applied at \he 
peak of the power frequency voltage of opposile polarity 

3.19 
representativa overvoltages 

��:rvoltages assumed to produce the same dielectric effect on the insulation as overvollages 
of a given class occurring in service due to various origins. 

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

NOTE Ttiis defit'!iticn also app!ie!'> to the contlnl.lous po·.,,·er frequency voltage representing the effecl of the servic:e 
voltcge on tl'1e lnsulation. 

3.20 

overvoltago limiting dovlco 
device which limits \he peak values o! \he overvoltages 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) 

_ _1 __ _ 
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3.21 
llghtnlng [or switchlng] Impulse protoctlve levet 
UpI [or up,l 
maximum permissible peak voltage value on the terminals of a protectíve device subjected to 
lightning [or switching) impulses under specific conditions 

[IEC 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 leve! the probability that the resulting voltage stresses imposed on the equipment 
will cause damage to equipment insulation or affecl 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 insulation configuration 

3.23 
withstand voftage 
value oí \he test voltage to be applied under specified conditions in a withstand vollage test, 
during which a specified number of disruplive discharges is tolerated. The withstand voltage 
is designated as: 

a) convenlional assumed withstand voltage, when lhe number of disruptiva discharges 
lolerated is zero. 11 is deemed to correspond to a withstand probabilily P w = 100 %; 

b) statistical withstand vollage, when \he number of disruptiva discharges tolerated is related 
to a specified withstand probability. In this standard, the specified probability is Pw = 90 %. 

NOTE In thls standard. for non-seU-restorlng lnsuratlon are speclned conventfonal usumed withsland vollages. 
and for self-restorlng lnsula:lon are speclfled statlstlc:al withsland vo/!ages. 

3.24 
co-ordlnatlon wlthsland voltago 
u.w 
for each cfass of voltage, the value of the withstand voltage of the insulation configuratíon in 
actual service conditions, that meets the performance criteríon 

3.25 
co-ordlnation factor 
Kc 

factor by which the value of the representative overvollage mus\ be mulliplied in order lo 
obtain the value of the co-ordination withstand voltage 

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

3.27 
roqulred withstand voltaga 
Urw 

test vollage that the insulation mus\ wilhsland in a standard withstand voltage lest to ensure 
that the insulation will mee\ the performance crilerion when subjected to a given class of 
overvoltages ín actual service condilions and far !he whole service duratíon. The requíred 
withstand voltage has lhe shape of the co-ordination withstand voltage, and is specified with 
reference to ali \he conditions of the standard withstand vollage test selected to verify it 
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3.28 
almospharlc corractlon factor 
Kt 
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factor to be applied to the co-ordinalion withstand voltage to account for the difference in 
dieleclric strenglh belween lha average etmospheric condltlons In service and the standard 
reference atmospheric condillons 

lt applies lo externa! insulation only, for ali altitudes 

NOTE 1 The raclor K1 altowt tha correcHon of test voftages teklng fnto account the dltference between the actual 
atmosphertc condltlons durlng test and lhe standard reference atmospherlc condltlons. For the factor KI, the 
atmospherlc condltlons takan lnto account are alr prassure, temperatura end humldlty. 

NOTE 2 For lnsulatlon co-ordlnetlon purposas usuelly only lhe alr pressure correcllon l'leeds to be takan lnto 
accoonl. 

3.29 
altituda correcllon factor 
K. 
factor lo ba applied lo lhe co-ordinalion wilhstand voltage lo account for the difference In 
dieleclric strenglh belween the average pressure corresponding lo the allilude in service and 
the standard reference pressure 

NOTE The altltude correctlon factor x. Is part of the atmospherlc correctlon factor K1, 

3.30 
safety factor 
K• 
overall factor lo be applied lo lhe co-ordlnatlon wlthstand voltage, after the application of lhe 
atmospheric correction factor (if required), to obtain the raquired withstand vollage, 
accounting for ali olher differences in dieleclric strength belween the conditions in service 
during lile time and !hose in the standard wlthstand vollage test 

3.31 
actual withsland voltage of an equipment or insulation configuratlon 
u •• 
highest possible vatue of the test vollage lhal can be applied to an equipment or lnsulalion 
configuralion in a standard withstand voltage test 

3.32 
test converslon factor 
Ktc 
for a given equipmenl or insulation configuralion, the factor to be applled to lhe requlred 
wlthsland voltage of a given overvoltage class, in lhe case where lhe standard withsland 
shape of lhe selecled withstand voltage test Is that of a difieren! overvoltage class 

NOTE For a glven equlpmenl or lnsulaUon conflguratlon: the test eonver.slon factor of th9 standard vollaga shape 
(a) to the standard voltage shape (bJ must be hlgher than ar equal to lhe ratio between lhe actual wflhtland voltage 
for the standard vollage shape (a) and tha actual wllhstand voltage of lt1e standard voltage shape (b). 

3.33 
rated wilhstand voltage 
value of the tos! voltage, applled In a standard withstand voltage test lhat proves thal lhe 
insulation complies with one or more required withstand voltages. ll is a rated value of lhe 
insulation of an equipment 

3.34 
standard raled wlthstand voltage 
Uw 

standard value of the rated wilhstand vollage as specified In thls standard (see 5.6 and 5. 7) 
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3.35 
rated lnsulallon laval 
set of raled wilhsland vollages which characlerize lhe dieleclrlc strength of lhe insulation 

3.36 
standard lnsulatfon level 
sel of standard rated wilhstand vollages which are associated to Um as speclfied in this 
standard (see Table 2 and Table 3) 

3.37 
standard wlthatand voltage test 
dlalactric test performed in speclfled conditions to prove lhat the insulation complies wilh a 
standard raled withstand voltage 

NOTE 1 Thls standard covers: 

- short-durallon power-froquency voflage tests: 

- swltehlng Impulse tests: 

- llghtnlng lmpulsEt tests: 

- combinad awltchlng Impulse tests; 

- combinad voltage tests. 

NOTE 2. More detalled lnformatlon on lhe standard wllhstand voltage tests are glven In IEC 60060-1 (see also 
Table 1 ror the 1811 voltage shapea). 

NOTE 3 The very-fast-front Impulse standard wlthstand voltage tests should be spcclfled by the re1evant 
apparalus commlttees, lf requlred. 

4 Symbols and abbrevlatfons 

4.1 General 

The lisl covers only the most frequenlly used symbols and abbreviations which are useful for 
lnsulatlon co-ordination. 

4.2 Subscrlpts 

p-e ralated to phase to earlh 
1-1 relate<t to longitudinal 
max maximum (IEC 60633) 
p-p relatad to phase to phase 

4.3 Letter symbols 

frequency 
k earlh faull factor 

K1 atmospheric correclion factor 

K8 
altitude correction factor 

Kc co-ordinaUon factor 

K8 
safely factor 

K10 test converslon factor 

Pw 
withsland probabilily 

T1 front time 

T2 time lo hall value of a decreasing voltage 
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time to peek value 
total overvoltage duration 
the actual withstand voltage of an equipment or insulation conflguration 

Ucw co-ordinatlon withstand vollage 
Um hlghest voltage for equipment 

U0 
nominal voltage of a system 

Up1 llghtning Impulse protectlve level of a surge arrester 
Up, switchlng Impulsa protectlve level of a surge arrestar 
Urp 

reprasentative overvoltaga 
Urw required withstand voltage 
U9 highest voltage of a system 
Uw standard rated withstand voltage 

4.4 Abbravlations 

FFO 
ACWV 

LIPL 
SIPL 
LIWV 

SFO 
SIWV 

TOV 
VFFO 

fast-front ovarvoltage 
standard rated short-duration power frequency withstand voltage of an 
equipment or insulation configuration 
lightning impulse protective level of a surge arrestar 
switching impulse protective leve! of a surge arrestar 
standard rated lightnlng impulse withstand voltage of en equipment or 
insulation configuratlon 
slow-front overvoltage 
standard rated switching impulse withstand voltage of an aquipment or 
insulatlon configuration 
temporary overvoltage 
very-fast-front overvoltage 

5 Procedure for lnsulation co-ordlnatlon 

5.1 General outline of the procedure 

The procedure for insulatlon co-ordinatlon consists of the selectlon of the highest voltage for 
the equipment together with a corresponding set of standard rated withstand voltages whlch 
characlerize the insulalion of the equipment needed for the application. This procedure is 
outlined in Figure 1 and its steps are described in 5.1 to 5.5. The optlmization of the selected 
set of Uw may require reconslderation of soma Input data and rapetition of part of the 
procedura. 

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 constilutes a rated 
insulalion level. lf the standard raled wilhstand voltages are also assoclaled with the same 
Um according to 5.10, this set constitutes a standard insulation level. 

Orlgln end clnslflcmlon of stresslng 
vottages (see 3.16 and 3. 17) 
Protectlvo lovel of overvoltage llmltlng 
dovlces (see 3.21) 
/nsulatlon eharacterf5Ues 

lnsulallon charactetistlcs 
Pert'ormanee crtterton (see 3.22} 
Statlstk:al dlstnbutlon (+) 
lnaccurecy of Input dala(+) 
(+) Effeds comblned In e c:o-orolnatlon 
factorKe (see 3.25) 

Altltude correcdon faciors Ka 
(or atmospherfc COm!lctk>n factor• Kc 

(He 3.28 and 3.29) 
Equlpment lest assembly •, 
Olsperslon In productton •) 
Quallty of lnstallatlon •, 
Agefng In servlce •) 
Otheronknown factors •J 

·, Effeets comblned tn a safety factor K1 
(see 3.30) 

Test oondldons (see 6) 

Test conveBlon factor Ktc (see 3.32) 

Standard wllhstand Vollages 
(see 5,6 and 5. 7) 

Rangas ofUm (see 5.8) 
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: Sys!em anslysls (see 5.2) 1 
------

Representaflve voltages and 
overvortages Urp (see 3.19 ) 

______ j. ______ _ 
1 Selectlon of the lm1ulalfon meellng J 
1 the perfonnance criterlon (see 6.3)1 
--------------

Co-ordtnatlon wlthstand voltages UCN 
(see 3.24) 

,-----Í-------1Appllcallon of factors to aecount for 1 
1fhe dffrerences between type test J 
condttlons and actual t 

:,ervtce condldons (see 5.4)1 

-----¡ ------J 

Requlred wlthstand voltagn Urw 
(see 3.27) 

1 Selecllon of rntedfYilthMend vollages 1 
1 {see 3.33) or standard taled wlthsland 1 
1 voltages Uw (see 3.34) trom lhe llsts 1 
I In s.e and 5.7 1 
1------ ------1 

Rated or standard lnsulatlon level : eet of Uw (see 3,35 and 3.36) 

NOTE In brackels !he subclauses reportlng the deflnftlon of the tenn or the descrlptlon of the actlon. 
Slded boxes retar to requlred Input 

r::,::: 1 Slded boxes refer to perfonTied actJons 
Skled boxes refer to obtalned results 

Figure 1 - Flow chart for the detarminatlon of rated or standard lnsulalion level 
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5.2 Oetermlnation of the representativa voltages and overvoltages (U,p) 

The voltages and the overvoltages lhal stress the lnsulalion shall be determinad In amplilude, 
shape and duration by means of a system analysls which includes lhe selection and location 
of lhe overvoltage preventing and limiling devices. 

For each class of voltages and overvoltages, this analysis shall then determine a 
representativa voltage and overvoltage, laklng into account the characteristlcs of the 
insulallon with respect to the different behaviour al 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 - Classes and shapes of overvoltages, Standard voltage sh.apes 
and Standard withstand voltage tests 

Class 

Vottago or 
over-

voltage 
shapH 

Rang1 of 
voltago or 

over-
voltag• 
sh■pH 

Standard 
voltaga 
shap•• 

Standard 
wlthstand 

voltage test 

Low frequancy 

ConUnuoua 

rr,;,Úr� 
V\JVVV 

Tt 

fc50Hzor 
60 Hz 

r, .!:3 aoos 

'" 

�•i iií1 .ii·.-, 
/VIIV\}\ 

Tt 

,.,, 50 Hz 
or 60 Hz 

T1' 

. 

Tamporary 

'" 

1Wll" 
Tt 

10Hz<f< 
500 Hz 

0,02 s s T1 s 
3 600 s 

111 

r; ¡; lí� },"� 1 ¡ · 1 1i !i li 
¡

1 \1 iu u\j 
1 

V v ,f ,v v 1 

48 Hz s fS 
62 Hz 

T1 c60s 

Short-durallon 
power 

trequency test 

Slow-front 

i1.¿ 
20 µs < TP S 

5 000 µs 

T2 -s; 20 ms 

� 

Tp = 250 µs 

T2 = 2 500 µs 

Swltchlng Impulse 
test 

e To be specified by the relevant apparatus commlltees. 

Tranafent 

Fast-front 

& 
0.1 ps < r, S 

20 ps 

T2 S 300 ps 

a 
T1 = 1,2 µs 

T2 • SO µs 

Ughlnlng Impulse 
test 

The represenlative vollages and overvoltages may be charactarlzad aithar by: 

- an assumed maximum, or 
- a set of peak values, or 
- a complete statistical distribution of peak values. 

Very•fHt•front 

r, s 100 ns 
0,3 MHz< f1 < 

100 MHz 

30 kHt < f2 < 
300 kHz 

NOTE In the last case addltlonal characteristlcs of the overvoltage shapes may have to be consldered. 
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When the adoption of an assumed maximum is considerad adequate, the representativa 
overvollaga of tha various classes shall be: 

- For the conllnuous power-frequency voltage: a power-frequency vollage with r.m.s. value 
equal to the highest voltage of the system, and wilh 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 overvollages divlded by .fi. 

- 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 overvollage: a standard llghtning Impulse with peak value equal to the 
peak value of lhe assumed maximum of the fast-front overvoltages phase to earth. 
NOTE For GIS or GIL wllh three.phase enclosure and lnsulatlon levels chosen among the lowest ones for a 
gtven U,.,, the phase-to-phase overvollages may need conslderallon. 

- For the very-fast-front overvollage: the characteristics for this class of overvoltage are 
specified by the relevan! apparatus commitlees. 

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

- For the slow-front [or fast-frontJ longitudinal overvollage: a combinad voltage consisting of 
a standard switchlng [or llghtningJ impulse and of a power-frequency vollage, each wilh 
peak value equal to the two relevan! assumed maximum peak values, and with the instan! 
of Impulse peak coinciding wlth the peak of the power-frequency of opposite polarity. 

5.3 Determlnatlon of the co-ordination withstand vollages (Ucwl 

The determination of the co-ordination withstand vollages consists of determining the lowest 
values of the withstand vollages of the insulation meeting the peñormance crilerion when 
subjected to the representativa overvoltagas under service conditlons. 

The co-ordination wilhstand voltages of the insulation have lhe shape of the representatlve 
overvoltages of the relevan! class and their values are obtained by multiplying the values of 
the representativa overvollages by a co-ordination factor. The value of the co-ordination 
factor depends on the accuracy of the evaluation of the representative overvollages and on 
an empirical, or on a statistical appraisal of the distribution of the overvoltages and of the 
lnsulatlon characteristlcs. 

The co-ordination withstand voltages can be determinad as either conventional assumed 
wilhstand voltages or statistlcal withstand voltages. This affects the determination procedure 
and lhe values of the co-ordination factor. 

Simulations of overvoltage events combinad with the simullaneous evaluation of the risk of 
failure, using the relevan! insulation characteristics, permit the direct determination of lhe 
statistical co-ordination withstand vollages without the intermediate step of determining the 
representativa overvoltages. 
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5.4 Determlnatlon of the required wlthstand voltage (U,wl 

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 tha co-ordination withsland voltages by factors which 
compensate the diíferences between the actual in-servlce condltions of the insulation and 
those in the standard withstand voltage tests. 

The factors to be applied shall compensete atmospheric conditions by the etmospheric 
correction factor K1 and the effects listad below by a safety factor K,. 

Effects combinad in a safety factor K,: 

- 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; 
- olher unknown iníluences. 

lf, however, these effects cannot be evaluated individually, an overall safety factor, derivad 
from experience, shall be adoptad (see IEC 60071-2). 

The atmospheric correction factor K1 
is applicable for externa! insulation only. K1 shall be 

applied to account for the differences between the standard reference atmospheric conditions 
and lhose expecled in service. 

For altitude correction, the altitude correclion factor K
a 

which considers only the average alr 
pressure corresponding to the altitude has to be applied. The altilude correction factor K2 

has 
to be epplied whatever is the altltuda. 

5.5 Selectlon of the rated lnsulatlon leve( 

The selection of the rated insulation leve! consists of the selection of the most economical set 
of standard rated withstand voltages {Uwl of the insulation sufficient to prove that ali the 
required withstand voltages are met. 

The highest voltage for equipment is then chosen as the next standard value of Um equal to 
or higher than the highast voltage of the system whera the equipment will be installed. 

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

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

NOTE As an e,cample, the selectlon of a U
m 

value tllgher lhan the next standard value of U
m 

equal to or hlgher 
than u, may arlse when the equlpmenl has to be lnstalled atan altltude hlgher than 1000 m In order to compensate 
lhe deerease of w1thsland vol!age of the exlernal lnsulatlon. 

Standardization of tests. as well as the selection of the relevan! test voltages, to prove the 
compliance with Um, are performed by the relevan! apparatus committees (e.g. pollution tests, 
parlial discharge voltage tests ... ). 
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The withstand voltages to prove that the required temporary, slow-fronl and fast-front 
withsland voltages are met, for phase-lo-earth, phase-to-phase and longitudinal insulation, 
may be selected with the same shape as the required wlthstand 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 reportad in 5.6 and 5.7, as the next value equal to or higher than: 

- the required withsland voltage in the case of the sama shape, 
- the required withstand voltage multiplied by the relevan! test conversion factor In the case 

of a different shape. 
NOTE Thls may allow the Adopllon of a single slandard rated wllhstand voltage lo prove compllance wllh more 
lhen one requlred wl!hstand voltage, thus glvlng !he posslblllty of reduclng the number of rated wlthsland voltages 
thal would define a rated lnsulation level {e.g. see 5.10). 

For equlpment to be used in normal environmental conditions, the raled 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 voltages are met. 

The selection of the standard rated withstand voltage to prove the compliance with the very­
fast-front required withsland voltage 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 UPI 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 Llst of standard rated short-duratlon power frequency wlthstand voltages 

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 Ltst of standard rated Impulse wlthstand voltages 

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 Rangos for highest voltage for equipment 

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

- ranga 1: 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 selection of the rated insulation leve! of the equipment. 

- range 11: Aboye 245 kV (Table 3). This range covers mainly transmission systems. 
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5.9 Envlronmental condltlons 
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5.9.1 Normal envlronmental condltlons 

The normal environmental condilions that are ol concern for lnsulation coordination and for 
which wilhsland voltages can be usually selected from Table 2 or Table 3 are !he following: 

a) The ambient eir temperatura does no! excead 40 •e and its average value, measurad ovar 
a period ol 2 4  h, does no! exceed 35 ·c. The minimum ambient air temperatura is -10 •e 
for class ·-10 outdoor", -25 •e ror class "-25 outdoor· and-40 •e for class º-40 outdoor". 

b) The allilude does not exceed 1 000 m above sea leve!. 

e) The ambient air is no! signilicanlly polluled by dust, smoke, corrosiva gases, vapours or 
sall. Pollulion does nol exceed pollution leve! 11 - Medium, according lo Table 1 or 
IEC 60071-2. 

d) The presence of condensalion or precipitatlon is usual. Precipilalion in form oí dew, 
condensation, fog, rain. snow, ice or hoar frost is considered. 

NOTE Preclplta.tlon chara.cterlstlcs for lnsuh:i:lion ere descrlbed In IEC 60060-1. For olher propertles, preclpltallon 
characterlstlcs are descrlbed In IEC 60721-2-2. 

5.9.2 Standard reference atmospheric condltlons 

The standard reference almospheric condilion for which !he standardlzed withsland voltages 
apply are: 

a) temperatura: t
0 

= 20 •e 

b) pressure: b
0 

= 101,3 kPa (1013 mbar) 

e) absoluta humidity: h
0 

= 11 g/m3. 

5.10 Salectlon or !he standard lnsulatlon leve! 

The essociation of standard rated withstand vollages wilh !he highest vollage for equipment 
has been standardized to benefil from !he experience gained from the operalion of systems 
designad according to IEC standards and to enhance standardization. 

The standard rated wilhsland vollages are associaled wilh the highesl vollage for equipmenl 
according to Table 2 for range I and Table 3 for ranga 11. These standard rated withsland 
voltages are valid for !he normal environmental conditions and are adjusted to the standard 
reference atmospheric conditions. 

The associalions obtained by connecting standard raled withsland voltages of ali columns 
without crossing horizontal marked lines are defíned as standard insulation levels. 

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

- For phase-to-phase insulalion, ranga 1, lhe standard rated short-duration power-frequency 
and lightning impulse phase-to-phase withstand vollages are equal to !he relevan! phase­
to-earth withsland vollages {Table 2). The values in breckels, however, may be insufficienl 
to prove thal the required wilhsland voltages are met and additional phase-to-phese 
wilhsland vollage tesis may be needed. 
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- For phase-to-phase insulalion, ranga 11, the standard lightning impulse withstand voltage 
phase-to-phase is equal to !he lighlning impulse phase-lo-earth. 

- For longitudinal insulatlon, range 1, !he standard raled short-duralion power-frequency and 
llghtning Impulse withstand vollages are equal to the relevan! phase-to-earth withstand 
voltages (Table 2). 

- For longitudinal insulation, ranga 11, the standard switching impulse componen! of the 
combinad wilhsland voltage is given in Table 3, while the peak value of lhe power-
frequency componen!º' opposile polarily is u

m 
X n//j' 

- For longitudinal insulation ranga 11, !he standard lightning impulse componen! of the 
combinad wilhstand voltage is equal lo the relevan! phase-to-earlh withsland voltage 
(Table 3), while !he peak value or !he power-frequency componen! of opposile polarity is 
0,7xUmx n/5.

More !han one preferred association is roreseen for most of the highesl voltages tor 
equipment to alfow for lhe appficalion oí differenl performance criteria ar overvoltage palterns. 

For !he preferred associations. only two standard rated withstand vollages are sullicient to 
define lhe rated insulation level of !he equipment: 

- Far equipment in range 1: 

e) !he standard raled lighlning impulse wilhstand voltage and, 

b) !he standard rated shorl-duralion power-frequency withstand vollage. 

- For equipmenl in·range 11: 

a) !he standard rated switching impulse withstand vollage, and 

b) !he standard rated lighlning impulse wilhstand voltage. 

lf lechnically and economically justified, other associations may be adoptad. The 
recommendalions of 5.1 lo 5.8 shall be followed in every case. The resulting sel of standard 
rated withstand voltages shall be termed, therefore, rated insulation tevel. Particular examples 
are: 

- Far externa! insulation, for the higher values of Um in range 1, it may be more economical 
to specify a standard rated switching impulse withstand vollage instead of a standard 
rated short-duration power-frequency wilhstand vollage. 

- For interna! insulation in range 11, high temporary overvoltages may require the 
specificallon of a standard rated short-duralion power-frequency withstand vollage. 
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Tabla 2 - Standard lnsulatlon levels for ranga 1 (1kV < U
m 

s 245 kV) Table 3 - Standard lnsulation levels for range 11 (Um > 245 kV) 

Hlghest voltaga Standard ral•d ahort• Standard rated 
for equlpment dur■Uon llghtnlng Impulse 

(Uffl) powar-frequency wlthstand voltag• 

kV wlthstand voltaga 

(r.m.s. value) kV 
kV 

(r.m.s. value) (peak velue) 

20 

HlghHt Standard ralad •wltchlng lmpulaa wlthatand voltago Standard rated voltage for 
■qu/pm■nt Longitudinal Phase-to◄arth Phasa-to-phase llghtnlng Impulsa 

(Um) wllhstand 
lnsulatlon • voltaga b 

kV (ratio to tha 
kV kV (peak value) kV phase-to-earth 

(peak value) (r.m.s. value) (peak value) peak value) 
3,6 10 

40 B50 
750 750 1,50 

40 
7,2 20 

60 
300 e 

950 

950 
750 850 1,50 

60 1050 

12 29 75 950 
B50 850 1,50 

95 1050 
362 

75 
17,5 • 39 

95 

1050 
950 950 1,50 

1175 

95 1050 
850 650 1,60 

24 50 125 1175 

145 1175 
420 950 950 1.50 

145 1300 
36 70 

170 1300 
950 1050 1,50 

52' 95 250 1425 

72,5 140 325 
1175 

950 950 1,70 
1300 

100 11 
(150) (380) 

195 450 
1300 

550 950 1050 1,60 
1425 

123 
(195) (450) 

950 1425 
230 550 1175 1,50 

1050 1550 
(185) (450) 

145 230 550 1175 
1675 

1300 1,70 
1800 

275 850 
1800 

(230) (550) 800 1175 1425 1,70 

170 1 275 850 
1950 

325 750 1175 1950 
1300 1550 1,60 

2100 
(275) (650) 

(325) (750) 
NOTE Tha lnlroductlon of Um above 800 kV Is undar conslderaUon, and 1050 kV, 1100 kVand 
1200 kV are Hsted as U

'" 
In IEC 60038 Amendment 2, 1997. 

245 360 950 

395 950 

. Velue of the Impulse componen! of the relevan! combinad tasi whlle the peak value of the power-
frequency componen! of opposlte polarlty Is Um x ../2 / ../3. 

460 1050 . These vafues apply as for phase-to-earth and phase-to-phase lnsulatlOfl as well: for longlludlnal 
lnsuletlon they apply as the standard rated llghtnlng Impulse component of the comblned stondard 

NOTE lf values In brackets are consldered Jnsufflcfenl to prove thal the requlred 
phase-to-phase wlthstand voltages are mel, add!Uonal phase-to-phase wllhstand 

rated wlthstand voltage, whlle the peak value º' the power-frequency component of opposlte 
polarlly I� '0,7 x U

m )( -12 / ./3. 
voltage tesis are needed. 

' Thls U
m 

Is a non preferred value In IEC 60038. 
. These Um are non preferred values In IEC 60038 and thus no most frequenlly 

comblnatlons slandsrdlzed In spperatus standards are glven . 
. Thls Um 

value ls not mentloned In IEC 60038 but lt has been lntroduced In range 1 
In some apparatus standards. 
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5.11 Background of the standard lnsulatlon leve Is 

5.11.1 General 

The standard insulation levels given in Table 2 and Table 3 reflect lhe experience of lhe 
world, taking into account modern proteclive devices and methods or overvollage limitation. 
The seleclion or a particular standard insulation level should be based on the insulation co­
ordinalion procedure in accordence with the insuletion co.ardination procedure described in 
IEC 60071-2 (third edilion) and should taka into account the insulation charactaristics of the 
particular equipment being considered. 

In range 1, the standard rated short-duration power-rrequency or the standard rated lightning 
impulse wilhstand vollage should cover the required switching impulse wilhstand vollages 
phase-to-earth and phase-to-phase as well as the required longitudinal withstand vollage. 

In range 11, the standard rated switching impulse withstand vollage should cover the required 
short-duration power-frequency withstand voltage if no value is required by the relevan! 
apparatus commiltee. 

In arder to meet these general requirements, the required wilhstand voltages should be 
converted to those vollage shapes far which standard rated wilhstand voltages are specified 
using test conversion factors. The test conversion factors are determined from existing results 
to provide a conservativa value for the rated withstand vollages. 

IEC 60071-1 leaves il to the relevan! apparatus committee to prescribe a long-duration 
power-frequency test lntended to demonstrate the response of the equlpment wlth 
respect to agelng of Interna! insulatlon orto uternal pollutlon (sea also IEC 60507), 

5.11.2 Standard rated swltchlng Impulse wlthstand voltage 

In Table 3, standard rated switching impulse withstand vollages associated with each highest 
voltage far equipment have been chosen in consideration of the following: 

a) for equipment protected agai_
nsl switching overvoltages by surge arresters: 

- the expected values of temporary overvoltages; 

- lhe characteristics of presently available surge arreslers; 

- the co-ordination and safety factors between the protective level of lhe surge arrestar and 
the switching impulse wilhstand vollage of the equipment; 

b) ror equipment not protected against switching overvoltages by surge arreslers: 

- the acceptable risk of disruptive discharge considering lhe probable ranga of overvollages 
occurring al the equipment location; 

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

5.11.3 Standard rated lightnlng Impulse wlthstand voltage 

In Table 3, standard raled lighlning impulse withstand vollages assoclated with each standard 
rated swilching Impulse withstand vollage have been chosen In conslderallon of the followlng: 
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a) for equipmenl prolecled by clase surge arreslers, lhe low values of lighling impulse 
withsland leve! are applicable. They are chosen by taking inlo account lhe ratio of 
lightning impulse proleclive leve! to switching impulse protective leve! likely lo be 
achieved wilh surge arreslers, and by adding appropriate margins; 

b) for equipment not prolecled by surge arreslers (or nol effeclively protected), only lhe 
higher velues or lightning impulse wilhsland voltages shall be used. These higher values 
are based on the typical ratio of the lightning and switching impulse withstand vollages of 
lhe externa! insulalion of apparatus (e.g. circuit-breakers, disconnectors, instrument 
lransformers, ele.). They are chosen in such a way that !he insulation design will be 
determinad mainly by the ability or the externa! insulalion to wilhsland the switching 
impulse test vollages; 

e) 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 lhe series of standard values 
given in 5.6 and 5. 7. 

6 Requirements for standard withstand voltage tests 

6.1 General requirements 

Standard withsland voltage tests are performed to demonstrale, with suitable confidence, that 
!he actual withsland vollage of the insulation is not lower \han the corresponding specified 
withsland voltage. The vollages applied in withstand voltage tesis are standard raled 
wllhsland voltages unless otherwise specified by the relevan! apparalus commillees. 

In general, withstand voltage tests consist of dry tests performed in a standard situation (test 
arrangement specified by the relevan! Apparatus Commiltees and lhe standard reference 
atmospheric condilions). However, for non-weather protected externa! insulation, !he standard 
short-duration power-frequency and switching impulse withstand voltage tesis consisl of wet 
tests performed under the conditions specified in IEC 60060-1. 

Ouring wet tests, the rain shall be applied simultaneously on ali air and surface insulation 
under vollage. 

11 the atmospheric condilions in the test laboralory differ from lhe standard reference 
atmospheric conditions, the test voltages shall be correcled according lo IEC 60060-1. 

Al! impulse withsland voltages shall be verified for bolh polarities, unless lhe relevan! 
apparatus committees specify one polarity only. 

When it has been demonslrated that one condition (dry or wel) or one polarity or a 
combination of these produces the lowest withstand voltage, then il is sufficienl to veriíy lhe 
wilhstand voltage for this particular condition. 

The insulation railures thal occur during the test are the basis for lhe acceptance or rejection 
of the test speclmen. The relevan! apparatus commillees or lechnicat committee 42 shall 
define the occurrence of a feilure and lhe melhod to delect it. 

When the standard rated wlthstand voltage of phase-lo-phase (or longlludinal) insulation is 
equel lo that of phase-lo-earth insulation, il is recommended thal phase-to-phasa (or 
longitudinal) lnsulallon tests and phase-to-earth tests be performed together by connecling 
one of the two phase terminals to earth. 
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6.2 Standard ahort-duratlon powar•frequancy wlthatand voltaga tests 

A slandard short-duralion power-frequency wilhsland vollage tasi consisls of one applicatlon 
of tha relevan! standard rated wilhsland voltage to the termlnals of the lnsulation 
configuralion. 

Unless otherwise spec/fied by the relevan! apparatus committees, the lnsulalion is considerad 
to have passed lhe test 11 no dlsruplive dlscharge occurs. Howevar, if one dlsrupliva 
discharge occurs on the se/f-restorlng lnsu/alion during a wet lesl, !he lest may be repeated 
once and !he equipment is considerad to have passed lhe test if no further disrupllve 
discharge occurs. 

When the test cannot be peñormed (such as for transformers wlth non-uniform insulalion), tha 
relevan! apparatus committaes may specify frequencias up to few hundred hertz and 
durallons shorter !han 1 mln. Unless otherwise juslified, the test vollages sha/1 be lhe sama. 

6.3 Standard Impulse wlthstand voltage tests 

A standard impulse withstand voltage test consists of a specified number of applicalions of 
the re/evant standard rated withstand voltage lo the terminals of the insulallon configural/on. 
Oifferent test procedures may be se/ected to demonstrate thal the withslend vollages are met 
with a degree of confidence that experience has shown lo be acceptable. 

The test procedure sha/1 be selected by the apparatus commillees from the following test 
procedures which are standardized and fully described In IEC 60060-1: 

- Three-impu/se wilhstand voltage test in which no disruptiva discharge is tolerated. 

- Fifleen-impulse withsland voltage test In which up to two disruptiva discharges on the se/f-
restoring insulalion are tolerated. 

- Three-impulse withstand voltage test in which one disruptiva discharge on the se/f. 
restoring insulation is toleraled. lf lhis occurs, nine addilional impulses are app/led durlng 
which no disruptiva discharge is tolerated. 

- The up-and-down withstand voltage test wlth seven impulses par leve/ In which disruptiva 
discharges on self-restoring lnsulalion are toleraled. 

- The up-and-down test with one impulse per leve/, whlch is recommended only if the 
conventional devialion, z, defined in IEC 60060-1 Is known. The va/ues suggested there, 
z = 6 % for sw/lching and z = 3 % for lightning impulses. sha/1 be usad if, and only ir, is 
known lhat z,; 6 % and z,; 3 % respective/y. Otherwise other methods sha/1 be used. 

In a/1 the test procedures described above no disruptiva discharge Is toleraled on the non­
se/f-restoring insulation. In the case of a flfleen-impulse withstand voltage test peñormed on 
equipment where both self-restoring and non self-restoring insulations are involved, the 
IEC 60060-1 fifleen-impu/se withstand vollage test procedure is adaptad and usad to verify 
that no disruptiva discharge occurs in !he non-se/f-restoring insu/alion. This two out of fifleen­
impulse wilhstand vollage test adaptad procedure Is lhe fo/lowing for each polarity: 

the impulse number is al least 15; 

- no disruptiva d/scharges on non-se/f-restorlng insu/alion sha/1 occur; lhis is confirmed by 
five conseculive impulse wilhstands following the las! disruptiva discharge; 

tha number of disruptiva discharges sha/1 not exceed two. 

-28- 60071-1 © IEC:2006 

This lwo out or fifleen-impulse wilhstand voltage test adaptad procadure may finally lead to a 
maximum posslble number of 25 impulses for each polarlty. 

No slatlstical meaning can be given to the lhree-lmpulse withsland vo/lage test in which no 
disruptiva dlscharge Is tolerated cP

w 
Is assumed lo be 100 %). lts use is limitad to cases in 

which the non-self-restoring insulation may be damaged by a larga number of vollage 
applicalions. 

When se/ecting a test far equipment in which non-self-restoring insulalion is In para/le/ with 
self-restoring lnsulalion, serlous consideralion should be given to the fact that in soma test 
procedures voltages higher than the raled wilhstand vollage may be applled and many 
disruptiva discha_rges may occur. 

6.4 Alternativa test situatlon 

When it is too expansiva or too difficu/1 or even lmpossible, to peñorm the withstand vollage 
tests In standard test situalions, the apparatus commiltees, or technica/ commiltee 42, sha/1 
specify lhe besl so/ulion lo prove lhe relevan! standard rated wilhstand voltages. One 
posslb//ity Is to pe.ñorm the test in an alternativa test situalion. 

An alternativa test situalion consisls of one or more difieren! test conditions (test 
arrangements, va·lues or types of test voltages, etc.). 11 is necessary, therefore, to 
demonstrate thet the physical conditions for the disruptiva discharge developmenl, relevan! to 
the standard sltuation, are not changad. 

NOTE A typlcal example Is the use of e single voltage source for the tests of longltudlnal lnsulatlon, whlle 
lnsulatlng lhe base, lnstead of a combinad voltage test. In lhls case, the demonstratlon mentloned above 
concemlng the dlsruptlve dlscharge development Is a very strfngent condltlon for the acceptance of the alternatlve. 

6.5 Phase-to-phaso and longitudinal insulalion standard wilhstand vollage tests for 
equlpment In ranga 1 

6.5.1 Power-lrequency tests 

For sorne equipment with 123 kV s Um s 245 kV. the phase-to-phase (or longitudinal) 
insulation may require a power-frequency wilhstand voltage higher lhan the phase-to-earth 
power-frequency' withstand vollage as shown in Table 2. In such cases tha test sha/1 be 
preferab/y peñormed wilh two voltage sources. One terminal sha/1 be energizad wilh !he 
phase-to-earlh power-frequency withstend voltage and lhe other with the dillorence between 
the phase-to•phase (or longitudinal) and the phase-to-earth power-frequency wilhstand 
vo/lages. The earth terminal sha/1 be earthed. 

Alternativa/y lhe test may be peñormed: 

- wilh two equal power-frequency vo/tage sources in phase opposition. each energizing one 
phase terminal wilh half of the phase-to-phase (or longitudinal) insu/alion power-frequency 
wilhstand vo/lage. The earlh terminal sha/1 be earthed; 

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

NOTE H. durlng the test, the terminal earlhed In servfee Is car1led lo a vollage whlch lnRuences the elactrlcal 
stresses on the phase termina! (as occurs In compressed gas long\tudlnal lnsulallon havlng Utr1 :!: 72,S·kV), means 
,hould be adoptad tó malnteln thls voltage as close as posslble to the dlfference between the tost voltage of the 
phase-to-phese (or longltudlnal) lnsulalJon and that or the phase-to-earlh lnsulallon. 
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6.5.2 Phase-to-phase (or longitudinal) lnsulatlon llghtnlng Impulse tests 

The phase-lo-phase (ar longitudinal) insulation may require e llghlning impulse wilhsland 
voltage higher !han !he standard phase-lo-earlh wilhsland vollage as shown in Table 2. In 
such cases, !he relevan\ tesis shall be performed immedialely after !he phase-to-earlh 
insulalion tesis increasing !he voltage wilhoul changing !he test arrangemenl. In evalualing 
!he test results, the impulses leading to disruptiva discharge lo earlh are considerad as non­
events. 

When the number of discharges to earlh does no! allow !he test lo be perfarmed, a combinad 
test shall be adopled wilh an impulse componen\ equal lo lhe phase-to-earlh lighlning 
impulse withsland vollage and a power-frequency componen\ wilh !he peak value of opposile 
polarily equal lo !he ditrerence between the phase-to-phase (or longitudinal) and the phase­
lo-earlh lightning impulse wilhsland voltages. Alternatively, for externa! insulation, !he 
relevan! apparalus commillees may specify that !he phase-lo-earth insulalion be increased. 

6.6 Phasa-to-phasa and longitudinal lnsulatlon standard wlthstand voltaga tests for 
aqoipment in range 11 

The combined voltage wilhsland vollage les! shall be performed meeling !he following 
requirements: 

- !he test configuralion shall suilably duplicale !he service configuration, especially with 
reference lo the influence of !he earth plane; 

each componen\ of the test voltage shall have !he value specified in 5.1 O; 

- !he earth terminal shall be connecled to earlh; 

- in phase-to-phase tests the terminal of the third phase shall be either removed ar earthed; 

- in longitudinal insulation tests the lerminals of !he olher two phases shall be either 
removed ar earlhed. 

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

In !he evalualion of the test resulls, any disruplive discharge is counled. More detailed 
recommendalions far !he tests are given by apparatus commiltees and IEC 60060-1. 

For special applicatians, the relevant apparatus committees may extend to longitudinal 
insulalion lighlning impulse withstand voltage tests of range 11 the same test procedure 
applicable lo equipment of range l. 
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Clearances In alr to assure a speclfled Impulse withstand 
voltage installation 

A.1 General 

In complete lnslallalions (e.g. subslalions) which cannol be tesled as a whole, il is necessary 
lo ensure !ha! !he dieleclric slrenglh is adequate. 

The swilching and lightning impulse withsland vollages in air al standard reference 
almospheric conditions shall be equal lo, or grealer !han, !he standard rated swilching and 
lighlning impulse wilhsland voltages as specified in this standard. Following this principie, 
minimum clearances· have been determined for different electrode configurations. The 
minimum clearances specified are determined with a conservativa approach, taking into 
account practica! experience. 

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

Tables A.1, A.2 and A.3 are suitable far general applicalion, as lhey provide mínimum 
clearances ensuring the specified insulation level. 

These clearances may be lower if il has been preven by tests on actual or similar 
configuralions that !he standard impulse wilhsland voltages are mal, laking inlo accounl ali 
relevan! environmenlal condilions which can create irregularilies on !he surface of eleclrodes, 
for example rain, pollulion. These dislances are lherefare no! applicable to equipmenl which 
has an mandalory impulse lype test included in !he specification, since a mandalory minimal 
clearance might hamper the design of equipment, increase ils cost and impede progress. 

The clearances may also be lower, where il has been confirmed by operaling experience thal 
!he overvoltages are lower !han \hose expecled in the seleclion of the standard raled 
withstand vollages or. thal !he gap conflguralion is more favourable than lhal assumed far !he 
recommended clearances. 

Table A.1 correlales !he minimum air clearances with the standard raled lighlning impulse 
withstand voltage for eleclrode configurations of the rod-struclure type and, in addilion for 
range 11, of !he conductor-structure lype. They are applicable far phase-lo-earth clearances as 
well as far clearances between phases (see note under Table A.1 ). 

Table A.2 correlatas !he minimum air clearances for electrode configuralions of the conductor­
structure lype and !he rod-struclure lype wilh the standard raled switching impulse withstand 
vollage phase-lo-earth. The conduclor-struclure configuralion covers a large range for 
normally used configurations. 

Table A.3 correlales !he minlmum air clearances for eleclrode configurallons of !he conductor­
conductor lype and the red-conductor lype wilh the standard rated swilching impulse 
wilhstand voliage phase-lo-phase. The unsymmelrical rod-conduclor configuratlon is the 
worsl eleclrode configuration normalty encounlered in service. The conductor-conductor 
configuralion covers ali symmelrical configurations with similar electrode shapes on the lwo 
phases. 
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The elr clearances applicable in service ere determinad according lo the following rules. 

A.2 Range 1 

The air cleerance phase-to-earlh and phase-to-phase is delermined from Table A.1 for the 
rated lighlnlng impulse withstand voltage. The standard retad short-duratlon power-lrequency 
withstend voltage can be disragerded when the ratio of the standard rated lightnlng impulse 
withstand voltage to the standard rated short-duration power-lrequency withstand voltage is 
higher than 1, 7. 

Table A.1 - Correlation between standard retad lightning Impulse wlthstand 
voltages and mlnlmum alr clearances 

Standard rated tlghtnlng lmpufH Mlnlmum clearance 
wlthstand voltage mm 

kV Rod-structure Conductor-structura 

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 1 100 

650 1 300 

750 1 500 

850 1 700 1 600 

950 1 900 1 700 

1 050 2 100 1 900 

1175 2 350 2 200 

1 300 2 600 2 400 

1 425 2 850 2 600 

1 550 3 100 2 900 

1 675 3 350 3 100 

1 800 3 600 3 300 

1 950 3 900 3 600 

2 100 4 200 3 900 

NOTE The standard rated Ughtnlng Impulse wlthslend vottages are appUcable phese-to-phase and phase-
to-earth. 

For phase-to-earth, lhe mlnlmum clearance for conduetor-slructure and rod-structure Is eppllcable. 

For pha!e-to-phase, the mlnlmum clearancfl for rod-structure Is appllcable. 
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A.3 Range 11 

The phase-to-earth clearance is the higher value of the clearances delermined lor the rod­
structure configuratlon lrom Table A.1 for the standard rated lightnlng 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 delermined for tha rod­
structure configuration from Table A.1 for the standard rated lightníng impulse wíthsland 
voltages and from Table A.3 for the standard switching impulse withstand voltages 
respectively. 

The values are·valid for altitudes whlch have been taken into account in the determinalion of 
tha required withstand voltagas. 

The clearances necessary to withstand the standard rated lightning impulse withstand voltage 
for the longitudinal insulation in range II can be obtainad by adding 0,7 times the highest 
voltage of a system (U

9
) 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 fer the longitudinal standard rated switching impulse withstand 
voltage in ranga II are smaller than the corresponding phase-to-phase value. Such clearances 
usually exist only in type tested apparalus end mínimum values are therelore not given in lhis 
standard. 

Table A.2 - Correlatlon between standard rated switchlng Impulse wlthstand 
vottages and minimum phase-to-earth air clearances 

Standard rated 1w1tchlng Mlnlmum phase-to-earth 
lmpulu 

wlthstand voltago mm 

kV Rod-structure Conductor-strueture 

750 1 900 1 600 

850 2 400 1 800 

950 2 900 2 200 

1 050 3 400 2 600 

1175 4 100 3 100 

1 300 4 800 3 600 

1 425 5 600 4 200 

1 550 6 400 4 900 
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Table A.3 - Correlatlon between standard rated swltchlng Impulse wlthstand 
voltages and mlnlmum phase-to-phase air clearancea 

Standard ratod swltchlng Impulse Mlnlmum phaso-to-phaso clearanca 
wlthstand voltago mm 

Phast-to- Ph■se-to-phase value Phaso-to- Conductor-conductor Rod-
.. ,.,. phlH parallol conductor 

kV 
Phasa-to-earth valu• 

kV 

750 1,5 1 125 2 300 2 600 

850 1.s 1 275 2 600 3 1 00 

850 1,8 1 360 2 900 3400 

950 1,5 1 425 3 100 3 600 

950 1,7 1 615 3 700 4 300 

1 oso 1,5 1 575 3 600 4 200 

1 050 1,6 1 680 3 900 4 600 

1 175 1,5 1 763 4 200 5 ocio 

1 300 1.7 2 210 6 100 7 400 

1'25 1,7 2 423 7 200 9 000 

1 550 1,8 2 480 7 600 9 400 
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Annex B 
(lnformatíve) 

V 
hi 

alues of rated lnsulatlon levels for 1 kV < Um S 245 kV for 
ghest voltages for equipment Um not standardized by IEC 

based on current practica In sorne countrles 

Values of rated lnsulatlon leve Is for 1 kV < U
m 

S 245 kV for hlghest voltages Table B.1 -
for equlpm ent Um not standardlzed by IEC basad on curren! practico In some countrles 

Hlghest vottage Standard rated short-
Standard ratad duratlon for equlpmont 

pow•r-froquency 
llghlnlng Impulso 

(U..) wlthstand voltage wlthstand voltage 

kV 
kV 

kV 
(r.m.s. value) (r.m.s. value) (peak value) 

8-0 185 

60 190 
40,5 

85 200 

140 325 
82,5 

150 360 
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INTERNATIONAL ELECTROTECHNICAL COMMISSION 

INSULATION CO-ORDINATION -

Part 2: Applicatlon guide 

FOREWORD 

1) The IEC (lnternational Electrotechnical Commlssion) is a worldwide orgenlzalion for standardlzatlon comprfsing 
all national electrotechnical committeas (IEC National Committees). The object to the IEC Is to promete 
lnternetional cooperation on ali questions concernlng standerdizalion In the electrical end electronlc fields. To 
lhls and and In addltion to other acllvitles, lhe IEC publlshes lnternaUonal Standards. Thelr preparallon Is 
entrusted to technlcal commntees: any IEC NaUonal Commlltee lnterested In the subject dealt wtth may 
partlcipate In thls preparatory work. lnternatronal, governmental and non-governmental organlzatlons llalslng 
with the IEC elso perticipate In this preparalion. The IEC collaborates closely wlth the lnternatlonal Organiz:ation 
for Standardizatlon (ISO) fn accordance with conditions delermíned by agreement between the two 
organizelions. 

2) The formal declsions or agreements of the IEC on technlcal matters express, as nearly as posslble en 
tnternatlonal consensus of oplnlon on the relevant subjects slnce each technlcal commlttee has representatlon 
from all lnterested Natlonal CommlUees. 

3) The documents produced have tha form of recommendatlons for lntematlonal use and are publlshed In lhe form 
of standerds, technlcal reports or guidas end they are accepted by the Natlonal Commlttees In that sense. 

4) In order to promota inlernatlonal unification, IEC National Committees undertake to apply IEC lnternational 
Slandards transparently to the maximum extent posslble In their nalional and regional standerds. Any 
divergence between the IEC Standard and the correspondlng natlonal or regional standard shall be clearly 
lndlcated In the lattar. 

S) The IEC provides no marking procedure to indicate lts approval and cannot be rendered responsible for any 
equipment declared to be In conformlty with one of lis slandards. 

6) Attenllon is drawn to the posslbíllty that soma of the elements of thls ln,ernatlonal Standard may be the subject 
of patent rlghts. The IEC shall not be held responslble for ldentlfylng any or all such patent rlghts. 

lnternational Standard IEC 71-2, has been preparad by IEC technlcal commillee 28: lnsulatlon 
co-ordlnation. 

This thlrd edillon cancels and replaces !he second edition publlshed in 1976 and constltutes a 
technical revision. 

The text of lhis standard is based on lhe following documenls: 

FDIS Report on votJng 

28/115/FDIS 281117/RVD 

Ful! information on !he voling for !he approval of thls standard can be found In lhe reporl on 
voling indicated in !he above table. 

Annex A forms an integral part of lhis standard. 

Annexes B to J are for informalion only. 

71-2 ©IEC: 1996 -11-

INSULATION CO-ORDINATION -

Part 2: Application guide 

1 General 

1.1 Scops 

Thls par! of IEC 71 constltutes an applicatlon guide and deals with the selection of insulation 
levels of equipment or installalions for three-phase electrical systems. lts aim Is to glve 
guldance for the determlnation of !he rated withstand voltages for ranges I and II of IEC 71-1 
and to justify the assoclalion of these rated values with !he standardized hlghest voltages for 
equlpment. 

Thls assoclatlon is for lnsulallon co-ordination purposes only. The requirements for human 
safety are not covered by this application guide. 

lt covers three-phase syslems with nominal vollages above 1 kV. The values derivad or 
proposed hereln are generally applicable only to such systems. However, !he concepts 
presented are also valid for two-phase or slngle-phase systems. 

11 covers phase-to-earlh, phase-to-phase and longitudinal insulatlon. 

This application guide Is not lntended to deal with roullne tests. These are to be specifled by 
lhe relevan! producl commltlees. 

The conlent of this gulde strlctly follows lhe flow chart of the lnsulation co-ordinalion process 
presentad in figure 1 of IEC 71-1. Clauses 2 to 5 correspond to the squares in lhls flow charl 
and glve delailed lnformalion on !he concepts governing !he lnsulation co-ordinalion process 
whlch leads to lhe eslablishmenl of !he required wilhstand levels. 

The guide emphaslzes !he necesslly of considering, al !he very beginnlng, ali orlglns, all 
classes and all lypes of vollage slresses in service lrrespeclive of lhe range of highesl voltage 
for equipment. Only al. lhe end of lhe process, when the selection of !he standard withstand 
voltages takes place, does !he principie of coverlng a particular service voltage stress by a 
standard withstand voltage apply. Also, al this final slep, lhe guide refers to !he correlation 
made In IEC 71-1 between lhe standard insulation levels and !he hlghest vollage for 
equipment. 

The annexes contaln examples and detallad information which explaln or support !he concepts 
described in !he main lexl, and lhe basic analytical lechniques used. 

1.2 Normativa refsrsnces 

The following normativa documents contain provlslons which, through reference in this text, 
conslltute provlslons of this part of IEC 71. Al lhe time of publlcallon, the edlllons indicated 
were valid. AII normatlve documents are subject to revislon, and parlies to agreemenls based 
on this par! of IEC 71 are encouraged to investigate !he posslbility of applying the most recen! 
edllions of the normallve documenls indlcaled below. Members of IEC and ISO maintain 
reglsters of currently val id lnternational Standards. 
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IEC 56: 1967, Hlgh-voltage a/ternatlng-current c/rcuit-breakers 

IEC 60-1: 1989, Hlgh-vo/tage test technlques -Part 1: General definitlons and test requlrements 

IEC 71-1: 1993, lnsulatlon co-ordlnatlon -Parl 1: Defln/1/ons, principies and rules 

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

IEC 99-4: 1991, Surge arresters - Part 4: Metal-oxide surge arresters w/thout gaps for a.c. 
systems 

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

IEC 505: 1975, Guide for the evaluation and identification of insu/ation systems of e/ectrical 
equipment 

IEC 507: 1991, Arlificlal pollution test on high-vo/lage lnsulators to be used on a.c. systems 

IEC 721-2-3: 1987, Classificatlon of environmental conditions - Part 2: Environmental 
conditions appearing in natura - Air pressure 

IEC 615: 1966, Guida for the selectlon of lnsulators In respect of pol/uted condlllons 

1.3 Llst of symbols and deflnltlons 

Far the purpose of lhis part of IEC 71, lhe following symbols and definilions apply. The 
symbol is followed by the unit to be normally considerad, dimensionless quantilies being 
indicated by(·). 

Some quanlilies are expressed in p.u. A per uni! quantity is the ratio of the actual value of an 
elec!rical parameter (vollage, curren!, frequency, power, impedance, etc.) to a given reference 
value of !he same parame!er. 

A {kV) parame!er characterizing the influence of the lightning severity far !he 
equipmen! depending on the type of overhead line connected to it. 

a, (m) leng!h of the lead connecting the surge arrester to the line. 

ª' (m) 

a, (m) 

ª• (m) 

8 (·) 
C. (nF) 
e, (nF) 

e, (nF) 

e,, (nFJ 

C11o (nF) 

leng!h of the lead connecting the surge arrester to earth. 

leng!h of !he phase conductor between !he surge arrestar and the pro!ec!ed 
equipmen!. 

leng!h of the active part of the surge arrester. 

factor used when describing the phase-to-phase discharge characteris!ic. 

capacitance to earth of transformer primary windings. 

series capacitance of transformer primary windings. 

phase-to-earth capacitance of the transformar secondary winding. 

capacitance between primary and secondary windlngs of transformers. 

equivalen! input capacitance of !he terminals of three-phase transformers. 

C210 (nF) equivalen! input capacitance of the !erminals of three-phase transformers. 
C,;, (nF) equivalen! input capacitance of the terminals of three-phase transformers. 
e (m/µs) velocity of light. 
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e, (p.u.) coupling factor of voltages between earth wire and phase conductor of 
overhead lines. 

E0 (kV/m) soil lonizalion gradient. 

F function describlng !he cumulative dislribulion of overvoltage amplitudes, 
where F(U) = 1 -P(U). See annex C.3. 

g (·) 

H (m)

h (·) 

HI (m) 

(kA) 
1
9 

(kA) 
J (·) 

K (·) 

K, (·) 

Kc (·) 

K, (·) 

Kcd (·) 

func!ion describing !he probability density of overvoltage amplitudes. 

ratio of capaci!ively transferred surges. 

alti!ude above sea-level. 

power-frequency vollage factor for transferred surges in transformers. 

heighl above ground. 

lighlning curren! amplitude. 

limit ligh!ning curren! in tower footing resis!ance calcula!ion. 

winding factor far induc!ively transferred surges in transformers. 

gap factor taking into accoun! !he influence of the gap configura!ion on lhe 
strength. 
almospheric correc!ion factor. (3.28 of IEC 71-1) 

co-ordina!ion factor. [3.25 of IEC 71-1] 
safe!y factor. (3.29 of IEC 71-1) 

de!ermlnislic co-ordina!ion factor. 

K00 (µs/(kVm)) corona damping constan!. 

Kc, (·) 

K,', (·) 

K,·, (·) 

k (-) 

L (m) 

L, (m) 

L, (m) 

L,p (m) 

M (-) 

m (·) 

N (·) 

n (·) 

p (%) 

Pw (%) 

q (-) 
R (-) 

R, (1/a) 

statis!ical co-ordina!ion factor. 

gap factor for fast-front impulses of positiva polari!y. 

gap factor far fast-fron! impulses of negalive polari!y. 

earlh-faull factor. [3.15 of IEC 71•1] 

separalion distance be!ween surge arres!er and protec!ed equipment. 

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

overhead line leng!h far which the lightning ou!age rala is equal to !he adop!ed 
return rata (related to R,). 

span leng!h. 

number of insulalions in parallel considered to be simultaneously s!ressed by 
an overvollage. 

exponen! in !he atmospherlc correclion factor formula for externa! insulalion 
withs!and. 

number of conven!ional devialions be!ween U50 and U0 of a self-restoring 
lnsula!ion. 
number of overhead lines considered connected lo a s!a!ion in the evaluation 
of the impinging surge amplitude. 
probabilily of discharge of a self-res!oring insulalion. 

probabili!y of wilhsland of self-restoring insula!ion. 

response factor of transformar windings far inductively !ransferred surges. 
risk of failure (failures per even!). 

acceplable failure rate far apparatus. For !ransmission lines, !his parameter is 
normally expressed in !erms of (1/a)/100 km. 
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Rh, (Q) high curren! value of the tower footing resistance. 

R,m (1/(m.a)) overhead line outage rate per year for a design corresponding lo the first 

R,, (Q) 

R
p 

(1/a) 

R,, (1/a) 

R, (1/a) 

Ru (kV) 

Ro (O) 

R, (Q) 

R2 (Q) 

s (kV/µs) 

s. (kV) 

s. (kV) 

s
,. 

(kV/µs) 

s. (·) 

S
p (-) 

T (µs) 

u {kV) 

(./ (kV) 

I.F (kV) 

Uo {kV) 

u; (kV) 

Uie (kV) 

u,. (kV) 

u,. (kV) 

u,. (kV) 

u,. (kV) 

Uso (kV) 

UsoM (kV) 

UsoRP(kV) 

u: (kV) 

u· ' (kV) 

kilometre in front of lhe slation. 

low curren! value of the tower footing resistance. 

shielding penetration rate of overhead lines. 

shielding fallure flashover rate of overhead lines. 

adopted overvoltage return rate (reference value). 

radius of a circle in !he (.//1.F plane describing the phase-phase-earth slow­
front overvoltages. 

zero sequence resistance. 

positive sequence resistance. 

negativa sequence resistance. 

steepness of a lightning surge impinging on a substation. 

conventional devlation of phase-to-earth overvoltage distribution. 

conventional devlation of phase-to-phase overvoltage distribulion. 

representatlve steepness of a lightning impinging surge. 

normalized value of the conventional deviation s. ( s. referred to U.50). 

normalizad value of the conventional devialion s, ( s, referred to U,50). 

travel lime of a lightning surge. 

amplitude of an overvoltage (or of a voltage). 

positive switching impulse componen! in a phase-to-phase insulation test. 

negativa switching impulse componen! in a phase-to-phase insulation test. 

truncation value of lhe discharge probability function P(U) of a self-restoring 
insulation: P(US U0) = O. 

equivalen! positive phase-to-earth componen! used lo represen! lhe most 
critical phase-to-phase overvoltage. 

temporary overvoltage lo earth al !he neutral of !he primary winding of a 
transforme,. 

temporary overvoltage lo earlh al lhe neutral of the secondary winding of a 
transformar. 

raled vollage of !he secondary winding of a transformar. 

value of !he 1 O % discharge voltage of self-restoring insulalion. This value is 
!he slalislical wilhsland voltage of the insulalion defined in 3.23 b) of IEC 71-1. 

value of !he 16 % discharge voltage of self-resloring insulalion. 

value of !he 50 % discharge voltage of self-resloring insulation. 

value of the 50 % discharge voltage of M parallel self-restoring insulations. 

value of !he 50 % discharge voltage of a rod-plane gap. 

posilive componen! defining !he centre of a circle which describes the phase­
phase-earth slow-fronl overvollages. 

negalive componen! defining the centre of a circle which describes the phase­
phase-earth slow-front overvollages. 
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U,w 

u. 

u., 

u., 

Uaso 

u, 

Um 

u. 

u,, 

Upso 

U, 

Uw 

u., 
u,. 
u., 

u,. 
u~ 

Un 

UT, 

u 

VI 

X 

x. 

Xr 

Xo 

x, 

x, 

)( 

x,.. 

z 

Zo 

(kV) 

(kV) 

(kV) 

(kV) 

(kV) 

(kV) 

(kV) 

(kV) 

(kV) 

(kV) 

(kV) 

(kV) 

(kV) 

(kV) 

(kV) 

(kV) 

(kV) 

(kV) 

(kV) 

(p.u.) 

(·) 

(m) 

(km) 

(km) 

(Q) 

(Q) 

(0) 

(·) 

(·) 

(kV) 

(!l) 

co-ordination withstand vollage of equipment. (3.24 of IEC 71-1] 

amplitude of a phase-lo-earth overvoltage. 

truncation value of the cumulalive distribution F (U0) of the phase-to-earth 
overvoltages: F (U0 �u.,)= O; sea annex C.3. 

value of the phase-to-earth overvoltage havlng a 2 % probability of being 
exceeded: F (U0 � U02) = 0,02; see annex C.3. 

50 % value of the cumulalive distribulion F ( U0) of the phase-to-earth 
overvoltages; see annex C.3. 

amplltude of !he impinging lightning overvoltage surge. 

highest voltage for equipment. (3.10 of IEC 71-1] 

amplitude of a phase-to-phase overvollage. 

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

50· % value of the cumulalive distribution F ( U,) of the phase-to-phase 
overvoltages; see annex C.3. 

highest voltage of a syslem. (3.9 of IEC 71-1] 

standard wilhstand voltage. 

llghtning impulse protective leve! of a surge arrestar. (3.21 of IEC 71-1] 

switching impulse protective level of a surge arrester. (3.21 of IEC 71-1] 

lruncation value of !he cumulalive distribution F ( u.) of the phase-to-phase 
overvoltages: F ( u. <? u.,) = O; see annex C.3. 

amplitude of lhe representalive overvoltage. [3.19 of IEC 71-1] 

required wilhstand voltage. (3.27 of IEC 71-1] 

overvoltage applied al the primary winding of a transformar which produces (by 
transference) an overvollage on !he secondary winding. 

overvoltage al the secondary winding of a transformar produced (by 
transference) by an overvoltage applied on the primary winding. 

per unit value of the amplitude of an overvoltage (or of a voltage) referred to 

u, ✓
2

/5. 

ratio of transformer secondary to primary phase-to-phase voltage. 

distance belween struck poinl of lighlning and substation. 

limit overhead line distance within which lighlning events have to be 
considerad. 

overhead line lenglh to be used in simplified lightning overvoltage calculations. 

zero sequence reaclance of a syslem. 

posilive sequence reactance of a system. 

negalive sequence reactance of a syslem. 

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

normalizad variable in a discharge probabilily function P( U) of M parallel self­
resloring insulalions. 

convenlional deviation of the discharge probabilily function P( U) of a self­
restoring insulation. 

zero sequence impedance. 
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Z1 (n) positiva sequence impedance. 

Z2 ('1) negativa sequence impedance. 

z. (n) surge impedance of the overhead line earth wire. 

z, (O) surge lmpedance of !he overhead llne. 

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

z, (n) surge impedance of the substation phase conductor. 

z (-) normalizad value of the conventlonal devlatlon Z referred to Uso, 

a (-) ratio of the negativa switching impulse componen! to the sum of both 
components (negativa+ positiva) of a phase-to-phase overvoltage. 

p (kV) scale parameter of a Welbull cumulative funcllon. 

ll (kV) truncation value of a Welbuli cumulative functlon. 

<I> 

4' 

y 
O' 

p 

Gaussian Integral function. 

(-) inclination angle of a phase-to-phase insulatlon characteristic. 

(·) shape parameter of a Weibull-3 cumulative funcllon. 

(p.u.) per unit value of the conventlonal deviation (S. or S0) of an overvoltage 
distributlon. 

(nm) soil resislivity. 

(µs) tall time constan! of a lightning overvoltage due to back-flashovers on 
overhead lines. 

2 Representativa voltage stresses In servlce 

2. 1 Orlgln and c/asstncatlon of vo/tage 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 
lnsulalion or on !he proteclive device. The voltage stresses within these classes have severa! 
origins: 

- continuous (power-frequency) voltages: originale from the syslem operalion under 
normal operatlng condillons; 

- temporary overvoltages: they can orlginate from faults, swltching operations such as load 
rejectlon, resonance conditlons, non-linearitles (ferroresonances) or by a combinatlon of 
these; 

- slow-front overvoltages: they can originate from faults, switching operatlons or direct 
lightning strokes to !he conductors of overhead lines; 

- fast-front overvoltages: they can orlginate from swltching operallons, llghtning strokes or 
faults; 

- very-fast-front overvoltages: lhey can originate from faults or switching operatlons In gas­
lnsulated substallons (GIS); 

- combinad overvoltages: they may have any origln mentioned above. They occur between 
the phases of a system (phase-to-phase), or on the sama phase belween separated parls 
of a system (longitudinal). 

Ali the preceding overvoltage stresses except combinad overvoltages are discussed as 
separata items under 2.3. Combinad overvoltages are dlscussed where approprlate withln one 
or more of these ltems. 
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In ali classlficatlons of voltage stresses, transference through transformers should be taken 
lnto account (see annex E). 

In general, ali classes of overvollages may exlst in both vollage ranges I and 11. However, 
experience has shown thal certaln voltage classlflcations are of more critica! lmportance in a 
particular voltage range; lhis will be dealt with in lhís guida. In any case, it should be noted lhat 
the bes! knowledge of !he stresses (peak values and shapes) is oblained wíth detailed studíes 
employing adequate models for !he syslem and for lhe characteristics of the overvoltage 
llmlting devlces. 

2.2 Characterlsttcs of overvoflage prot1Jct/va dav/cas 

2.2.1 General remarks 

Two types of standardized protective devlces are considerad: 

- non-linear resistor-type surge arresters wlth series gaps; 

- metal-oxide surge arresters without gaps. 

In addlllon, spark gaps are taken into account as an alternative overvoltage llmiling device, 
although slandards are not avallable wlthin IEC. When other types of protectlve devices are 
used, thelr prolectlon performance shali be given by the manufacturar or established by tests. 
The choice among protective devices, which do not provide !he same degree of prolection, 
depends on varlous factors, e.g. the lmportance of the equipment to be protected, !he 
consequence of an interruption of service, etc. Their characteristics will be considerad from !he 
poinl of view of lnsulallon co-ordination and thelr effects will be discussed under !he clauses 
dealing wlth !he varlous overvoltage classes. 

The proteclive device·s shali be designad and installed to limit !he magnitudes of overvoltages 
against which they protect equipment so that the voltage al !he protective device and the 
connecling leads during its operalion do no! exceed an acceptable value. A primary point Is 
lhat !he vóltage produced across !he terminals of the arrestar al any moment prior to and 
during its operation must be considered In the determinatlon of the proteclion characteristlcs. 

2.2.2 Non-linear resistor-type surge arresters wlth series gaps 

Where the surge arrestar comprises a silicon carbide non-linear resistor with series gap, the 
characteristlcs are glven in IEC 99-1. However, where !he arrestar consists of a metal-oxide 
non-linear resistor with series gap, the characteristics may differ from !hose glven In IEC 99-1. 
The seleclion of arresters will be dealt with In IEC 99-5. 

2.2.2.1 Protect/on character/stlcs relatad to fast-front ovarvoltages 

The protectlon characteristics of a surge arrestar are described by the following voltages (sea 
table 8 of IEC 99-1 ): 

- the sparkover voltage for a standard full lightning Impulse; 

- the residual voltage al !he selecled nominal discharge curren!; 

- the front-of-wave sparkover voltage. 
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The lightning impulse protective level Is laken as lhe hlghest ol the following values: 

maximum sparkover voltage wilh 1,2/50 µs impulse; 

maximum residual voltage al lhe selected nominal discharge curren!. 

This evaluation ol the protective level gives a value representing a generally acceptable 
approximation. For more inlormation on wave-lronl proteclion by surge arresters, relerence 
should be made to IEC 99-1. 

NOTE -Tradlllonally, the front-of-weive sparkover voltage dlvlded by 1,15 was included in the delermlnatlon of 
the lightning impulse protective level. As the factor of 1,15 is technically justified only for oil-paper lnsulation or 
oil-immersed insulation like trensformers, lts application to other type of equipment may result In reduced 
insulaUon margin design. Therefore, this alternativa has been omitled in lhe delerminetion of the Hghtnlng 
impulse protecllve leve!. 

2.2.2.2 Protectlon characteristics relatad to slow-front overvoftages 

The protection ol a surge arrester is characterized by !he sparkover voltages for !he switching 
impulse shapes specified in 8.3.5 ol IEC 99-1. 

The switching impulse protective level ol a surge arrestar is the maximum sparkover voltage 
for these impulse shapes. 

11 the arrestar contains active gaps the total surge arrestar voltage exhibited by the surge 
arrester when discharging switching surges shall be requested from the manufacturar, because 
it may be higher !han the sparkover vollage. 

2.2.3 Metal oxide surge arresters without gaps 

The delinition ol such surge arresters and lheir characteristics are given In IEC 99·4. 

2.2.3.1 Protection characteristics relatad to fast-front overvoltages 

The proteclion ol a metal-oxide surge arresler is characterized by lhe following voltages: 

- !he residual vollage al the selected nominal discharge curren!; 

- lhe residual vollage al sleep curren! impulse. 

The lightning impulse protective leve! is taken for insulalion co-ordination purposes as lhe 
maximum residual vollage at lhe selecled nominal discharge curren!. 

2.2.3.2 Protection characteristics related to slow-front overvo/tages 

The protection is characlerized by the residual vollage at the specilled switching impulse 
currents. 

The switching impulse prolective level is taken for insulation co•ordination purposes as lhe 
maximum residual vollage al the specified swilching impulse currents. 

The evaluation ol proleclive levels gives a value representlng a generally acceptable 
approxlmation. For a better definition ol lhe proleclion performance or metal-oxide arreslers, 
relerence should be made to IEC 99-4. 
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2 .2 .4 Spark gaps 

The spark gap is a surge proteclive device which consisls ol an open air gap belween lhe 
lermlnals of the prolecled equlpment. Allhough spark gaps are usually nol applied in systems 
with Um equal to or higher lhan 123 kV, lhey have proved salisfactory in practica in sorne 
counlrles wlth moderate lightning activily on syslems operating al vollages up to 420 kV. The 
adjustment ol lhe gap setlings is oflen a compromise between absoluta protection and 
consequences ol spark gap operalion. 

The protection against overvoltages Is characterized by !he vollage-time characleristic ol the 
gap lor lhe various vollage shapes, the sparkover vollage dispersion and its polarily 
dependence. As no standard exists, lhese characteristics shall be requested from the 
manufacturar or established by lhe user on the basis ol his own specificalions. 

NOTE - The fast voltago collapse and possible consequences on the lnsulatíon of wíndlngs have to be laken 
lnto account as an overvoUage characterlslic. 

2.3 Representativa vottages and overvoltages 

2.3.1 Contlnuous (power-frequency) voltages 

Under normal operating conditions, lhe power-frequency vollage can be expected lo vary 
somewhal in magnilude and to differ from one polnl of the system lo anolher. For purposes of 
insulalion design and co-ordination, the representativa conlinuous power-frequency vollage 
shall, however, be considered as constan! and equal lo the highesl system voltage. In praclice, 
up to 72,5 kV, the highest system vollage U, may be subslanlially lower !han the highest 
vollage lor equipmenl Um, while, wilh lhe increase of the vollage, both values tend lo become 
equal. 

2.3.2 Temporary overvoltages 

Temporary overvoltages are characlerized by lheir amplitudes, lheir vollage shape and lheir 
duration. Ali parameters depend on the origin ol !he overvollages, and ampliludes and shapes 
may even vary during !he overvollage duration. 

For insulation co-ordination purposes, lhe representative temporary overvollage is considerad 
lo have the shape of the standard shorl duralion (1 min) power-frequency vollage. lis amplitude 
may be defined by one value (lhe assumed maximum), a sel of peak values, or a complete 
stalistical dislribulion ol peak values. The selecled amplilude ol lhe representalive temporary 
overvollage shall lake lnto account: 

- lhe amplilude and duration ol !he actual overvollage in service; 

- lhe amplilude/duralion power frequency withsland characteristic of the insulation 
considerad. 

11 !he !alter characlerislic is nol known, as a simplllication lhe amplitude may be taken as equal 
lo the actual maximum overvoltage having an actual duralion ol less !han 1 min in service, and 
lhe duration may be laken as 1 min. 

In particular cases, a slalislical co-ordinalion procedure may be adoptad describing lhe 
representalive overvollage by an amplitude/duralion distribution frequency of !he lemporary 
overvollages expecled in service (see 3.3.1). 

2.3.2.1 Earth faults 

A phase-to-earth laull may resull in phase-to-earth overvoltages affecting lhe two other 
phases. Temporary overvoltages between phases or across longitudinal insulalion normally do 
no! arise. The overvoltage shape is a power-frequency voltage. 
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The overvoltage amplitudes depend on the system neutral earthlng and the fault locatlon. 
Guidance for thelr determlnation is given in annex B. In normal system conflgurallons, lhe 
representativa overvoltage amplitude should be assumed equal to lts l)'laxlmum value. 
Abnormal system conflgurations, e.g. system parts with unearthed neutrals in a normally 
earthed neutral system, should be dealt with separately, taklng into account thelr probabilíty of 
occurrence simultaneously with earth faults. 

The duration of the overvoltage corresponds to the duration of the fault (untll fáult clearing). In 
earthed neutral systems il Is generally less than 1 s. In resonant earthed neutral syslems wilh 
fault clearing II is generally less lhan 1 O s. In systems wlthout earth-fault clearing the durallon 
may be several hours. In such cases, 11 may be necessary to define lhe contlnuous power­
frequency voltage as the value of temporary overvoltage during earth fault. 

NOTE - Attention is drawn to the fact thet the highest voltege et power-frequency whlch may appear on e sound 
phese durlng the occurrence of an eerth fault depends not only on the eerth-fault factor but siso on lhe value of 
the operating voltaga al the lime of lhe fauU which can be generally taken as the highest syslem voUage U,. 

2.3.2.2 Load rejection 

Phase-to-earth and longitudinal lemporary overvoltages due to load rejeclion depend on the 
rejected load, on lhe syslem layout afler dlsconnection and on the characteristics of the 
sources (short-circuil power al the station, speed and voltage regulalion of lhe generators, 
etc.). 

The lhree phase-lo-earlh vollage rises are identlcal and, therefore, the same relativa 
overvoltages occur phase-to-earth and phase-to-phase. These risas may be e�pecially 
importan! in !he case of load rejeclion al !he remole end of a long llne (Ferranli effect) and lhey 
mainly affect the apparatus al lhe slalion connected on !he source side of the remole open 
clrcuit-breaker. 

The longitudinal temporary overvoltages depend on lhe degree of phase angle difference afler 
network separalion, !he worst possible sltuation being a phase opposilion. 

NOTE - From the polnt of vlew of overvoUages, a dlslincllon should be made between varlous types of system 
layouls. As examples, the following extreme cases may be consldered: 

- systems with relelively short llnes and hlgh values of the short-clrcult power at the terminal statlons, where 
low overvoltages occur: 

- systems with rong /ines and low values of the short.circuit power at the generating site. which are usual In 
the extra-hlgh voltage range al their initial stage, and on whlch very hlgh overvoltages may arise lf a larga load 
is suddenly disconnected. 

In analysing lemporary overvollages, il Is recommended lhal consideralion be given to the 
following (where the 1,0 p.u. reference voltage equals: ,Í2 u,/-13 ): 

- In moderately extended systems, a full load rejeclion can give rlse to phase-to-earth 
overvollages with amplitude usually below 1,2 p.u. The overvoltage duralion depends on lhe 
operalion of voltage-control equipment and may be up to severa! minutes; 
- In extended systems, afiar a full load rejeclion, lhe phase-to-earth overvoltages may 
reach 1,5 p.u. or even more when Ferranli ar resonance effecls occur. Thelr duratlon may 
be In !he arder of sorne seconds; 
- if only slalic loads are on the rejected side, the longitudinal temporary overvoltage Is 
normally equal to lhe phase-to-earlh overvoltage. In systems wlth motors or generators on 
the rejected sida, a network separalion can give rise to a longitudinal temporary overvoltage 
composed of two phase-to-earth overvoltage componenls in phase opposilion, whose 
maxlmum amplltude Is normally below 2,5 p.u. (grealer values can be observad for 
exceplional cases such as very extended high-voltage systems). 
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2.3.2.3 Resonance and ferroresonanc e 

Temporary overvoltages due lo these causes generally arise when circuits wlth large capacitiva 
elements (lines, cables, series compensaled lines) and inductiva elements (transformers, shunt 
reactors) having non-linear magnetlzing characterislics are energizad, or as a result of load 
rejections. 

Temporary overvoltages due to resonance phenomena can reach extremely high values. They 
shall be prevented ar llmited by measures recommended in 2.3.2.6. They shall therefore not 
normally be considerad as the basls for lhe selection of the surge arrestar rated voltage or for 
!he lnsulalion design unless these remedia! measures are nol sufficient (see 2.3.2.7). 

2.3.2.4 Longitudinal overvollages during synchronization 

The representativa longitudinal temporary overvoltages are derivad from !he expected 
overvoltage in service which has an amplilude equal to twice the phase-to-earth operating 
voltage and a durallon of severa! seconds to sorne minutes. 

Furthermore, when synchronlzatlon Is frequenl, lhe probabilíty of occurrence of an earth fault 
and consequenl overvoltage shall be considerad. In such cases the representativa overvoltage 
amplitudes are lhe sum of !he assumed maximum earth-faull overvoltage on one terminal and 
lhe contlnuous operatlng voltage In phase opposilion on the olher. 

2.3.2.5 Comblnallons oftemporary ovarvoltage origins 

Temporary overvollages of different origin shall be treated as combinad only afler careful 
examinalion of lheir probabllity of simultaneous occurrence. Such combinalions may lead to 
hlgher arrestar ratlngs with lhe consequence of hlgher protection and insulalion levels; this is 
technlcally and economically justified only if this probability of simultaneous occurrence is 
sufficiently high. 

2.3.2.5.1 Earth fauit w/th load rajectlon 

The combinatlon earth fault wilh load rejection can exisl when, during a fault on !he fine, !he 
load sida breaker opens first and lhe disconnecled load causes a load rejeclion overvoltage in 
lhe still faulted parl of lhe system until lhe supply side clrcuit-breaker opens. 

The combination. earth fault wilh load rejection can also exisl when a large load is switched off 
and the lomporary overvollage due to lhis causes a subsequent earth fault on the remaining 
system. The probabilily of such an event, however, is small, when lhe overvoltages due to the 
changa of load are lhemselves small and a subsequenl faull is only llkely to occur in extreme 
conditlons such as in heavy pollulion. 

The combinalion can further occur as a result of a line fault followed by failure of a clrcuil­
breaker lo open. The probability of such a combination, although small, is nol negligible since 
lhese events are not statistlcally independent. Such an occurrence, which results in a 
generator connected lhrough a lransformer to a faulted long line, can result In significan! 
overvoltage on the healthy phases. The overvoltage conslsls of a slow-front lransienl and a 
prolongad variable temporary overvoltage which is a funclion of generator characterisllcs and 
governor-voltage regulator aclions. 
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11 such combinations are considerad 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 considerad too pessimistic for the following reasons: 

- the earth-fault factor changas when lt is related to the load rejectlon overvoltage; 

- the system configuration has changad alter the load changa. For example, the earth-fault 
factor al generator transformers wilh earthed neutral is less lhan 1 alter being disconnected 
from the system; 

- for system transformers the loss of full rated load is not usual. 

2.3.2.5.2 Ofher comb/naflons 

As resonance phenomena should be avoided, their combination wilh other origins should only 
be considerad as an addilional result of these resonances. In sorne systems, however, it is not 
readily possible to avoid resonance phenomena, and, for such systems, it is importan! to carry 
out detailed studies. 

2.3.2.6 Llmitatlon 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 severa In earthed neutral syslems. However, an excepllon exists In earthed neutral 
systems, a part of which in unusual siluations can become separated with unearthed 
transformar neutrals. In such a situalion, the duration of the high overvoltages due to earth 
faults in the separated part can be controlled by tasi earthing al lhese neutrals, by switches or 
by specially selected neutral surge arresters, which short-circuit the neutral alter failing. 

2.3.2.6.2 Sudden changas 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 limitad by de-tuning the system from !he resonance frequency, 
by changing the system configuration, or by damping resislors. 

2.3.2. 7 Surge arrester protection against temporary overvoltages 

Usually the selection of the rated vollage of the surge arrestar is based upon the envelope of 
!he temporary overvollage expecled, taking inlo account the energy dissipation capabillty of !he 
surge arrestar. In general, malchlng !he surge arrestar raling with !he temporary overvollage 
stress is more crilical in ranga 11 where !he margins are lower than in ranga l. Usually, !he 
energy capabllity of !he surge arrestar under temporary overvoltage stress Is expressed as an 
amplilude/duration characlerislic furnished by !he manufacturar. 
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For pracllcal purposes, surge arreslers do no! llmil temporary overvollages. An exception is 
given for temporary overvoltages due lo resonance effects, for which surge arresters may be 
applied lo limll or even lo preven! such overvoltages. For such an applicallon, careful sludies 
on !he lhermal slresses imposed on !he surge arresters should be performed lo avoid lheir 
overloadlng. 

2.3.3 Slow-front overvo/lages 

Slow-fronl overvoltages have fronl duralions of sorne tens to sorne lhousands of microseconds 
and tail durations in !he sama order of magnilude, and are oscfllatory by natura. They generaliy 
arlse from: 

- iine energizalion and re-energizalion; 

- faulls and faull clearing; 

- load rejeclions; 

- switching of capacitiva or inductiva currents; 

- distant iightning strokes to the conductor of overhead lines. 

The representativa voltage stress is characterized by: 

- a representativa voltage shape; 

- a representalive amplitude which can be either an assumed maximum overvollage or a 
probabilily dislribution of !he overvoltage amplitudes. 

The representativa vollage shape is the standard swilching impulse (lime lo peak 250 µs, and 
lime to half-value on !he lail 2500 µs). The represenlative ampiilude is the amplilude of the 
overvoltage considerad independently from ils actual lime lo peak. However, in sorne systems 
in ranga 11, overvoltages with very long fronts may occur and !he represenlative amplitude may 
be derivad by taking into accounl !he influence of the fronl duration upon !he dielectric slrenglh 
of !he insulation. 

The probability distribution of !he overvoltages wilhoul surge arrestar operalion is characterized 
by its 2 % value, its devialion and ils truncalion value. Allhough not perfectly valid, the 
probabilily distribution can be approximaled by a Gaussian distribulion between the 50 % value 
and lhe lruncation value above which no values are assumed to exisl. Alternalively, a modified 
Weibull dislribulion may be used (see annex C). 

The assumed maximum vaiue of the representativa overvollage is equal to lhe lruncalion value 
of !he overvollages (see 2.3.3.1 lo 2.3.3.6) or equal to the swilching impulse proteclive level of 
!he surge arrestar (see 2.3.3.7), whichever is !he lower value. 

2.3.3.1 Overvo/lages due to fine energlzaflon and re-energlzatlon 

A three-phase iine energizatlon or re-energization produces swilching overvoltages on ali lhree 
phases of !he line. Therefore, each swilching operalion produces lhree phase-to-earth and, 
correspondlngly, lhree phase-to-phase overvollages [1]". 

In !he evalualion of !he overvollages for praclical appllcalion. severa! simplificalions have been 
introduced. Concernlng the number of overvoltages per switching operation, two methods are 
in use. 

• Figures In square brackets refer to the bibliography given in anne,c J. 
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- Phase-peak method: from each switching operation the hlghest peak value of the 
overvollage on each phase-to-earth or between each combinallon of phases Is included in 
the overvoltage probability distribution, i.e. each operation contributes three peak values to 
the representativa overvoltage probability dlstribution. This distribution then has to be 
assumed to be equal for each of the three lnsulations lnvolved in each par! of lnsulation, 
phase-to-earth, phase-to-phase or longitudinal. 

- Case-peak method: from each switching operation the highest peak value of the 
overvoltages of ali three phases to earth or between ali three phases is included in the 
overvollage probability distribution, l.e. each operation contributes one value to the 
representativa overvoltage distribution. This dlstribution Is then applicable to one insulation 
within each type. 

The overvollage amplitudes due to line energization depend on several factors including type of 
circuit-breaker (closing resistor or not), nature and short-circuil power of the busbar from which 
the line is energizad, the nature of the compensation usad and the length of the energizad line, 
type of the line termination (open, transformar, surge arrestar), etc. 

Three-phase re-energizations may generate high slow-front overvoltages due to trapped 
charges on the re-energizad line. Al the time of the re-energization, the arnplitude 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 lhe equipment remaining 
connected to the line, on insulator surface conductivily, or on conductor corona·conditions, and 
on the re-closing time. 

In normal systems single-phase re-energization (re-closing) does not generala overvoltages 
higher than !hose from energization. However, for lines In which resonance or Ferranti effects 
may be significan!, single-phase re-closing may result in higher overvoltages·than three-phase 
energization. 

The corree! probability distribution of the overvoltage amplitudes can be obtained only from 
careful simulation of switching operations by digital computation, transient analysers, ele., and 
typical values such as shown in figure 1 should be considerad only as a rough guide. Ali 
considerations relate to !he overvoltages al lhe open end of lhe line (receivlng end). The 
overvollages al the sending end may be substantially smaller !han !hose al the open end. For 
reasons given in annex D, figure 1 may be used for bolh the phase-peak and case-peak 
methods. 

2.3.3.1.1 Phase-to-earth overvo/tages 

A procedure for the estimation of the probability dislribullon of the representativa overvoltages 
is given in annex D. 

As a rough guide, figure 1 shows !he range of the 2 % overvoltage values (in p.u. of Fi. u,/ /3) 
which may be expected between phase and earth without limltation 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 !he factors determining the overvollages. 

Figure 1 should be used as an indication of whelher or nol lhe overvoltages for a given 
situation can be high enough to cause a problem. lf so, the range of values indicates to what 
extent the overvoltages can be limitad. For this purpose, detailed studies would be required. 
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Figure 1 - Range of 2 ¾ slow-front overvoltages at the recelvlng end due 
to Jlne energlzatlon and re-energlzatlon 

2.3 .3 .1 . 2 Phase-to-phase overvoltages 

In the evaluation of the phase-to-phase overvoltages, an additional parameter needs to be 
added. As the lnsulation is sensitive to the subdivision of a given phase-to-phase overvoltage 
value into two phase-to-earth components, the selection of a specific instan! shall take into 
account the insulatlon characteristics. Two instants have been selected [1 ]: 

a) Instan! of phase-to-phase overvoltage peak: this instan! gives the highest phase-to• 
phase overvoltage value. lt represents the highest stress for ali insulation configurations, for 
which !he dielectric strength between phases is not sensitive to the subdivision into 
components. TyP.ical examples are the insulation between windings or short air clearances; 

b) phase-to-phase overvoltage at the lnstant of the phase-to-earth overvoltage peak: 
although thls instan! gives lower overvoltage values than the instan! 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 lhe instan! of the positive phase-to-earth peak 
is most severe, or gas-insulated substations (three-phase enclosed) for which !he negative 
peak is most severa. 

The statistical characteristics of the phase-to-phase overvoltages and the relations between 
the values belonging to the two insta nis are described in annex D. lt is concluded that for ali 
insulation types except for air clearances in ranga 11, the representativa overvoltage between 
phases is equal to the phase-to-phase overvoltage peak. For air clearances in range 11, and 
more particularly for system voltages equal to or greater !han 500 kV, the representativa 
phase-to-phase overvoltage should be determinad from !he 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 overvoltage. Figure 2 shows the range of possible ratios between lhe 2 % values 
phase-to-phase and phase-to-earth. The upper limit of this range applies to fast three-phase 
re-energization overvoltages, lhe lower limit to three-phase energization overvoltages. 
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1,0L--------'-------....L.-------' 
1,0 2,0 3,0 4,0 

_ _  4,=2�(P�·u_.)�➔ 

/F.C lnl/2'96 

NOTE - The upper part of the indicated range may be applled to three-phase re-energizalion. 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 vollage al one terminal and the switching overvoltage al 
the other. In synchronized systems, the highest switching overvoltage peak a_nd the operating 
voltage have the same polarity and the longitudinal insulation has a lower overvoltage than the 
phase-to-earth insulation. 

The longitudinal insulation betwéen non-synchronous systems, however, can be subjected to 
energization overvoltages al one terminal and the normal operatlng vollage peak of opposlle 
polarity al the other. 

For the slow-front overvoltage componen!, the sama principies as for the phase-to-earth 
insulations apply. 

2.3.3.1.4 Assumed maxlmum overvoltages 

lf no protection by surge arresters is applied, the assumed maxlmum energizatlon or re­
energization overvoltage is: 

- for !he phase-to-earth overvoltage: the truncation value u.,;

- for the phase-to-phase overvoltage: the truncallon value U
p
, or, for the externa! lnsulatlon 

In ranga 11, the value determinad accordlng to annex O, both subdlvided lnto two equal 
components with opposite polarities; 

- for the longitudinal overvoltage: lhe truncation value u., of the phase-to-earth overvoltage 
due to energization al one terminal, and the opposite polarity peak of the normal operating 
voltage al the other terminal. 

This definition of the maximum longitudinal overvoltage assumes that power frequencies are 
synchronized (via a parallel palh} at both terminals so that the longitudinal overvoltages due to 
re-energization need not be considerad separately (because the effect of any trapped charge Is 
taken into account by this assumption). 
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2.3.3.2 Fau/t and fault-clBarlng 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 lo zero back lo !he operating voltage on !he faulted phase. Bolh origins 
cause only overvoltages between phase and earlh. The overvoltages between phases can be 
neglecled. Conservativa estimates for the assumed maximum value of the represenlative 
overvoltage u., are as follows : 

- rault initiation U0,; (2 k- 1) U, .fif/3 

- fault clearing ' 

where k is the earth-fault factor. 

(kV eres!) 

(kV eres!) 

In range 1, overvoltages caused by earlh faults shall be considerad for systems with isoialed or 
resonant earthed transformar neutrals in which the earlh-faull factor is approximalely equal 
lo /3 . For these systems the insulalion co-ordination can be based on the assumed maximum 
overvoltage and the probability of their amplitudes needs no consideration. 

In range 11, when !he overvoltages due to line energizalion or re-energizalion are controlled lo 
values below 2 p.u., fault and fault clearing overvoltages require careful examination if they are 
no! controlled to the same degree. 

2.3.3.3 Overvoltages due to load rejectlon 

Slow-front overvoltages due lo load rejection are only of importance in syslems or range II in 
which the energization and re-energization overvoltages are conlrolled to values below 2 p.u. In 
these cases, they need examinalion, especially when generator lransformers or long 
transmission lines are involved. 

2.3.3.4 Overvoltages due to sw/tchlng of Inductiva and capacitiva currents 

The switching of inductiva or capacitiva currents can give rise to overvollages, which may require 
altention. In particular, the following switching operalions should be laken into consideralion: 

- interruplion of the starting currents of motors: 

- lnterruption of inductive currents, e.g. when interrupting !he magnelizing curren! of a 
transformer or when swilching off a shunt reactor [6]; 

- switching and operation of are furnaces and lheir transformers, which may lead to curren! 
chopping; 

- switching of unloaded cables and of capacitar banks; 

- interruption of currents by high-voltage fuses. 

Restrikes oí circuit-breakers occurring while inlerrupting capacitiva currenls (switching off 
unloaded lines, cables or capacitor banks) may generare particularly dangerous overvoltages 
and the use of restrlke-free breakers Is necessary. Furthermore, when energizing capacltor 
banks, In parllcular ungrounded banks, care should be taken to assess the phase-to-phase 
overvoltages (sea also 2.3.4.3). 

2.3.3.5 Slow-front /ightning overvoltages 

In systems with long fines (longar than 100 km), slow-front lighlning overvoltages originate from 
distan! lighlning strokes to the phase conductor, when the lighlning curren! is sufficienlly small 
so as not lo cause a flashover of !he line insulalion and when the strike occurs at a sufficient 
dislance from !he considered location to produce a slow-front. 
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As lighlning currents have times to half-value rarely exceeding 200 µs, overvoltages with hlgh 
amplitudes and times-to-eres! critica! for the insulation do no! occur. Slow-front lightning 
overvoltages, therefore, are of minor importance for insulation co-ordination and are usually 
neglected. 

2.3.3.6 Limita/ion of slow-front overvoltages 

The most commonly used method of limiting line switching overvollages is by !he use of closing 
resistors on line breakers. Other means, like point-on-wave control and varistors across 
interrupting chambers, can also be used to llmlt overvoltages due to line energizatlon and 
inductiva or capacitiva switching. 

lnductive voltage transformers connecled to the line terminals effectively reduce the charges 
trapped on the phases of !he line alter opening. The slow front overvoltages due to a 
subsequent three-phase re-energization are thus limiled to the leve! of simple line energization. 

2.3.3. 7 Surge arrestar proteclion against s/ow-front overvoltages 

Metal-oxide arresters without gaps and specially designad gapped arresters are suitable to 
protect against slow-front overvoltages in systems with moderale temporary Qvervoltages, 
whereas non-linear resistor type arresters operate for slow-front overvoltages only in extreme 
cases due to the sparkover characteristics of the series gap. 11 should be noted that when the 
arresters are installed al the ends of long transmlssion 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 lhe arrestar rated voltage (kV r.m.s), 
This means that metal-oxide surge arresters are suitable for limlting slow-front overvoltages 
due to line energizalion and re-energization and switching of inductiva and capacitiva 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 !he case of faults 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 lhis curren! ranga !he knowledge of lhe exact curren! 
amplitude is not so importan! owing to the extreme non-linearity of the metal-oxide material. 
The slighl dependence on curren! 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 wlthin substations. Oistant overhead line 
insulation, however, may be stressed by overvoltages substantially higher !han the proteclive 
level. 

Surge arresters are usually installed phase-to-earth and it should be observad that, ir metal­
oxide arresters are used to limit slow-front overvoltages to a level lower than 70 % of !he 2 % 
value of the uncontrolled overvoltage phase-to-earth, the phase-to-phase overvollages may 
reach about twice the phase-to-earth protective level of the arrestar. The phase-to-phase 
overvoltage will then conslst of two phase-to-earth components wlth the most frequent 
subdlvlslon 1: 1 (7]. See also 3.3.3.1. 
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The assumed maximum value of the representativa phase-to-earth overvoltage is equal to the 
protective level of !he surge arrestar: u,, = u,,. 

For lhe phase-to-phase overvoltages it is twice the protective level or !he truncation value of 
!he phase-to-phase overvoltages determinad in annex D, whlchever Is the smaller value. lf
lower phase-to-phase overvoltages are required, additional arresters between phases should 
be lnstalled. 

In ali cases, !he application or surge arresters to control slow-front overvoltages shall take into 
account the required duty cycle and energy dissipation requirements in choosing the 
appropriate surge arrestar class. 

2.3.4 Fast-front overvo/tages 

2.3.4.1 Lightning overvoltages affecting overhead fines 

lightning overvoltages are causad by direct strokes to the phase conductors or by back­
flashovers, or are induced by lightning strokes to earth close to !he fine. lnduced lightning 
surges generally cause overvoltages below 400 kV on the overhead line and are, therefore, of 
importance only for systems in !he lower system voltage range. Owlng to the high lnsulation 
withstand, back-flashovers are less probable in range 11 !han In range 1 and are rare on 
systems at 500 kV and above. 

The representativa shape of the lightning overvoltage is the standard lightning impulse 
(1,2/50 µs). The representativa amplitude is either given as an assumed maximum or by a 
probabillty distribution of peak values usually given as the peak value dependen! on the 
overvoltage return rate. 

2.3.4.2 L/ghtnlng ovarvo/tagas affactlng substat/ons 

The lightning overvoltages in substations and thelr rates of occurrence depend on: 

- the llghtning performance of lhe overhead lines connecled to it; 

- the substation layout, size and in particular the number of lines connected to it; 

- !he lnstantaneous value of the operating voltage (al !he moment of the stroke). 

The severity of lightning overvoltages for the substatlon equipment is determined from the 
combinalion of these three factors and severa! steps are necessary to assure adequate 
proteclion. The amplitudes of the overvoltages (without limitation by surge arrestar) are usually 
too high to base insulation co-ordination on these values. In sorne cases, however, in particular 
with cable connected .substations, the self-protection provided by the low surge impedance of 
!he cables may reduce the amplitudes of the lightning overvoltages to suitably low values (see 
annex F). 

For !he phase-to-phase and the longitudinal insulation the instantaneous power frequency 
voltage value on the opposite terminals must be considerad. For !he phase-to-phase insulation 
11 can be assumed that the erfects of power-frequency voltage and coupling between the 
overhead llne conductors cancel each other and the opposlte terminal can be considerad as 
earthed. For the longlludlnal lnsulatlon, however, such cancelllng effects do not exlst and the 
power-frequency voltage must be taken into account. 
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2.3.4.2.1 Direct strokes 

Shielding penelrallons occur al a random point on the power-frequency wave. The effecl of lhe 
power-frequency al lhe opposite terminal of a longitudinal insulation has to be taken inlo 
account by: 

- calculating the lighting overvoltage return ratas for difieren! instantane.ous values of !he 
operating voltage; 

- evaiualing the insulation failure probabllity for the various subdivislons into components. 
Usually the sum of the two components is lhe decisiva parameter; 

- determining the lnsulalion failure rale dependen! on the sum of lhe iightning overvollage 
and of the lnslantaneous value of power-frequency; 

- applying the peñormance crlterion to thls expected failure rate to obtain lhe necessary 
sum of the two compone nis. 

lf this sum is subdivided into a lightning impulse componen! equai to the representalive 
lightning overvollage phase-to-earth and a power-frequency componen!, lhe power-frequency 
vollage componen! will be smaller !han the operaling voltage phase-to-earlh peak. 11 has been 
found lhal a factor of 0,7 may be considerad suilabie. This means thal, for shleldlng 
penelration, the longitudinal representativa overvollage should be composed of the 
representativa lightnlng overvoltage to earth al one terminal and 0,7 limes !he operating 
voltage phase-to-earth peak wilh opposile polarity al lhe other. 

2.3.4.2.2 Back flashovers 

Back flashovers are mosl likely to occur on the phase whlch has !he highest inslantaneous 
power-frequency voltage value of opposite polarity. This means that, for subslations, lhe 
representativa longitudinal lighlning overvollage shall be equal to lhe sum of lhe representativa 
lightning overvoitage to earth al one terminal and of lhe operating vollage peak al the other 
(opposile polarily). 

2.3.4.3 Overvoltages due to swilching operatlons and faults 

Fasl-fronl switching overvoltages occur when equlpmenl is connected lo or disconnected from 
lhe system vía short conneclions mainly within substalions. Fast-front overvoltages can also 
occur when externa! insulalion flashes ovar. Such events can cause particularly severa 
slresses on nearby interna! insulation (such as windlngs). 

Although in general osclllatory, for insulation co-ordination purposes the representativa 
overvollage shape can be considerad lo correspond to the standard lightning Impulse 
(1,2/50 1,1s). However, special attenlion should be pald to equipmenl with wlndings because of 
high inter-turn stresses. 

The maximum peak overvoitages depend on type and behaviour of the switchlng equipmenl. 
As the overvollage peak values are usually smaller lhan !hose caused by lightning, their 
importance is restricled lo special cases. 11 is, lherefore, lechnically justified to characlerize !he 
ampiitude of lhe representativa overvollage by lhe maxlmum following values (in p.u. of 

./2.u./✓J ): 

- circuit-breaker swilching without restrike: 2 p.u.; 

- circuit-breaker switching with restrike: 3 p.u.; 

NOTE - When swltchlng reactive loads, sorne types of medium voltage clrcult breakers tend to produce multlple 
translent current ínterruptions resultlng In overvoltages up to 6 p.u. unless approprlate proteclion measures are 
taken. 

- disconnector swilching: 3 p.u. 
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As simultaneous occurrence of fast-fronl swilching overvoltages on more !han one phase is 
highiy Improbable, one can assume that phase-to-phase overvollages higher than phase-to­
earth overvollages do not exist. For the latler, lhe previously defined assumed maximum 
values can be usad to check lhe lmportance of such overvoltages. lf they determine the 
insulation lightnlng impulse wlthstand vollage, more carefui invesligalions are recommended. 

2.3.4.4 Llmltatlon of fast-front overvo/taga occurrences 

Lightning overvollage occurrences can be limited by appropriate design for the overhead lines. 
Possibie design measures for the limitalion of lighlning overvollage occurrences are: 

- for direcl ligh_tning strokes lo conduclors: appropriale earth-wire shieiding design; 

- for back flashovers: reduction of lhe tower footing earthing impedance ar addition of 
insulation. 

In sorne cases, earthed crossarms or spark gaps have been used close to subslalions in an 
allempl lo limit lhe amplilude of incoming lighlnlng overvoltages. However, such measures 
lend to increase lhe likelihood of fiashovers near the stalion with the consequenl generation of 
fast-front surges. Furthermore, speciai atlention should be given to shielding and tower 
earthing near !he stallon to lower the probability of back flashovers al lhis location. 

The severily of fast0front overvollages generated by swltching operations can be limited by the 
selectlon of adequate switching equipment (reslrlke-free lnterrupters or breakers, low curren! 
chopping characleristic, use of opening or closing resistors, poinl-on-wave control ele.). 

2.3.4.5 Surge arrestar protect/on agalnst fasl-front overvo/tages 

The proleclion afforded by surge arresters against fast-fronl overvoltages depends on: 

- the amplilude and shape of lhe overvollage; 

- the protection characteristic of the surge arrestar; 

- the amplilude and shape of the curren! through the surge arrester; 

- !he surge impedance and/or capacilance of the protected equipment; 

- !he distance between arrester and protecled equipment including earlhing conneclions 
(see figure 3); 

- the number and surge impedance of lhe connected lines. 

For protection against lighlning overvollages, surge arresters with the foilowing nominal 
discharge currents are generally applied: 

- for systems wilh Um in range 1: 5 kA or 10 kA; 

- for systems with Um In range 11: 1 O kA or 20 kA. 

When currenls through the arrestar are expected to be higher than its nominal discharge 
curren!, lt must be verified thal !he corresponding residual voltages slill provide a suitable 
overvollage limitation. 

For lhe delerminalion of the energy absorplion (due to lighlnlng) of surge arresters installed in 
a subslallon, 11 Is usuaily sufficient to assume lhat lhe representativa amplitude of the 
prospectiva iightning overvoltage reaching lhe substalion is equal to the negative 50 % 
lighlning impulse wlthstand vollage of !he overhead line. However, for lhe total energy 
absorplion, one should consider lhe possibilily thal a lightning flash may consist of mulliple 
strokes. 
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The protective characleristics of a surge arresler are only valid al /Is localion. The 
corresponding overvoltage limitation al !he equipment localion, therefore, should account for 
the separatlon between the two locations. The greater !he separation dlstance of the surge 
arrestar from the protected equipment, the less is lts protection efficienl for lhis �quipment, 
and, in fact, the overvoltage applied to the equipment lncreas�s above the protecllve leve! of
the arrester with increasing separatlon distance. Furthermore, 1f the effect due to the length of 
the arrester is neglected in the determination of its protection characteristics, this length must 
be added to lhe length of lhe connecting leads In the evaluation of the effective overvoilage 
limitation. For metal-oxide arresters without gaps, the reaction time of !he material ilself may 
be neglected and the arrestar length can be added to the connectlon leads. 

For simplified estimation of the representativa overvoilage at the protecled object, (ormula _(1) 
can be used. However, for transformar protection, formula (1) should be usad w1lh caut1on 
since a capacitance of more !han a few hundred picofarads may result in higher overvoltages. 

where 

u,. = u., + 2 ST 

u,. = 2 u., 

for u.,� 2ST 

for u.,< 2ST 

u,, is the lightning impulse proteclive level of lhe arresler (kV); 
s 

T 

where 

is !he sleepness of !he impinging surge (kV/µs); 

is the travel time of the lightning surge delermined as following: 

T= L/ e 

e is the velocity of light (300 m/µs); 

L = a, + a, + a3 + a4 : distances from figure 3 (m). 

(1) 

(2) 

(3) 

The values of the sleepness must be selected according to the lightning performance of the 
overhead lines connected to the station and on the adoptad risk of failure in the substation. A 
complete treatment is given in annex F. 

The probability distribulion of _ lhe representativa lightning overvoltage amplilude at the 
substation can be determined by transient overvoltage calculalions 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 insulation and of the surge arresters 
dependen! on the overvoltage amplitud e and shape. References are given in annex F. 

As a general recommendation, the dependence of the insulalion withstand on !he overvoltage 
shape should also be considerad in the determination of the representative amplitudes. This, in 
particular, applies to externa! insulation and to oil-paper insulalion, for which the volt-time 
curve of the insulation may point to representativa amplitudes substantially lower !han the 
overvollage peak values. For GIS or for solid insulation this difference Is negligible and the 
amplltude of the representativa overvollage is equal to the overvoltage peak. 

A simplified method to estímate the representativa lightning overvoltage amplitude probabi_lity 
distribution is given in annex F. The assumed maximum value of the representat1ve ltghlntng 
overvollage amplitude is either the truncation value of the probability distribution or a value 
obtained from experience in exisling syslems. Melhods for !he estlmation of lhese values are 
also included in annex F. 
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�u 

a1 : length of the lead connecllng the surge arresler lo lhe fine 

a2 : length of the lead connectlng the surge arrester to earth 

a3 : length or the phase conduclor belween lhe surge arrester and the protecled equipmenl 

a4 : lenglh of lhe active part of the surge arrester 

Za : earthlng lmpedance 

U : lmpinging overvoltage surge. 

IEC /011/94 

Figure 3 - Dlagram for surge arrestar connectlon to the protected obJect 

2.3.5 Very-fast-front overvoflages 

Very-fast-front overvollages orlginate from disconneclor operations or faults within GIS due to 
the fast breakdown of the gas gap and the nearly undamped surge propagalion wilhin the GIS. 
Thelr amplitudes are rapidly dampened on leaving !he GIS, e.g. al a bushing, and their front 
times are usually incréased inlo the range of !hose of fast-fronl overvoltages. Very-fa�t-front 
overvoltages may also occur at medium voltage dry-type transformers w1th short connecftons to 
lhe swilchgear. 

The overvollage shape is characterized by a fasl increase oí the voltage _nearly to its _peak 
value resulting in a front time below O, 1 µs. For disconnector operat1ons th1s íront 1s typ1cally 
followed by an oscillation with frequencies above 1 MH�. The duration of very-fasHront 
overvoltages is less than 3 ms, but may occur several times. The overvoltage amplttude 
depends on !he disconnector construction and on the substation configuration. A limitation of 
maximum amplitudes to 2,5 p.u. can be assumed to be achievable. The overvollages may, 
however, create high local overvoltages in directly connected transformers. 

Due to faulls within GIS the connected equipments (e.g. transformar) are stressed by 
overvollages. The shape and the amplitude of the overvoltage depends on !he kind of 
connectlon of the equipmenl to the GIS and lhe location of the fault within _the GIS. The 
overvoltages have amplitudes up to 1,6 times the breakdown voltages and contatn frequenc,es 
up to 20 MHz within the substation. 
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On termlnals of equipment connected with a short hlgh-voltage overhead line to the GIS, the 
overvollage oscillations show frequencies in the ranga from 0,2 MHz to 2,0 MHz and 
amplitudes up to 1,5 times the flashover voltage. In thls case II is possible to protect the 
equipment with surge arresters. However, the frequency content of the overvoltages may slill 
cause high interna! stresses in transformer windings because of part-windlng resonances. 
Alternative protection methods proved by detailed studies may be necessary. These measures 
might include changlng (lowering) the frequency by installlng addltlonal capacltance. However, 
care must be taken in lhis approach to ensure that the transformar resonance characteristics 
are accurately known. 

The representativa overvoltage cannot be established because suitable standardizations are 
not available al present. 11 is expected, however, that very-fast-front overvoltages have no 
influence on the selection of rated withstand vollages. 

3 Co-ordlnatlon wlthstand voltage 

3.1 lnsulation strength characterlstics 

In ali 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 lncreased to a 
sufficiently high level, the resistivity along a path through the insulanl will changa 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 polnl 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 slrength of the lnsulation. Such factors include: 

- the magnitude, shape, duration and polarity of the applied vollage; 

- the electric field distribution in the lnsulatlon: homogeneous or non-homogeneous electric 
field, electrodes adjacenl to lhe considerad gap and their potential; 

- lhe lype of insulation: gaseous, liquid, salid or a combination of these. The impurily 
content and the presence of local inhomogeneilies; 

- the physical state of the insulatlon: temperatura, pressure and other amblen! conditions, 
mechanical stress, etc. The history of the insulation may also have an lmportance; 

- the deformalion of the insulation under stress, chemical effects, conductor surface 
effects, etc. 

Breakdown in air is slrongly dependen! on the gap configuration and on the polarity and wave 
shape of lhe applied voltage stress. In addilion, relativa atmospheric conditions affect the 
breakdown strength regardless of shape and polarity of applied stress. Relationships for the 
breakdown strength of air derivad from laboratory measurements are referred to standard 
atmospheric conditions as defined by IEC 60-1, i.e.: 

tempera tu re 

pressure 

- absoluta humidity 

20 ºC; 

101,3 kPa (1013 mbar); 

11 g/m3 • 
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Laboratory measurements have also been made for non-standard conditíons lncluding low air 
density, high relativa humidlty, contamination, Ice and snow, high temperaturas and the 
presence of combustion partlcles. 

For outdoor insulation, the effects of humidity, rain, and surface contamination become 
particularly importan!. IEC 60-1 also defines test procedures far externa! insulation in dry and 
wet conditions. For metal-enclosed gas-insulated switchgear, the effect of the Infernal pressure 
and temperatura as well as local inhomogeneities and impurities play a significan! role. 

In liquld insulation, particle impurities. bubbles caused by chemical and physical effects or by 
local discharges, can drastically reduce the insulation strength. 11 is importan! 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 salid insulation. In these cases, electric strength might also be 
affected by mechanica.1 stress. 

The breakdown process is also statistical in nature and this should be taken into account. 0ue 
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 lnfluence on insulation design, especially in the case of overhead lines employing 
free swinging lnsulator strings. Usually the effect is only importan! in selecting gap lengths on 
the basls of power-frequency and switching impulse strengths. 

Subclauses 3.1.1 to 3.1.4 give information on the different factors influencíng the insulation 
response. For more detailed information, reference can be made to the CIGRE technical 
brochure [7]. 

3.1 .1 lnffuence of polarlty and overvoltage shapes 

3.1.1.1 lnffuence of overvollage polarlty 

In typlcal electrode geometrías encountered In high-vollage applications, for the majority of 
cases the energizad c.onductor is more highly stressed than the grounded conductor. For air 
insulation, if the more highly stressed electrode is positively charged, the gap breakdown 
vollage will be lower than if the more highly slressed electrode is negatively charged. This is 
because the propagation of ionization phenomena is more readily accomplished under positiva 
stress than negativa stress. 

Where both electrodes are approximately equaily stressed, two discharge processes will be 
involved, with both positiva and negativa characteristics. lf it is clear which polarity will be more 
severe far a particular insulation system and gap configuration, the design will be based on that 
polarlty; otherwlse both polarities must be considerad. 

3.1.1.2 /nffuence 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 externa! lnsulation depends more on !he impulse front 
!han on its tail. The tail becomes especially importan! only In the case of contamination on the 
surface of externa! insulation. The strength of Interna! insuiation is assumed to be affected by 
the peak value only. 

For externa! insulation, it is typical thal for each gap length there is an Impulse time-to-peak for 
which the breakdown voitage is a mínimum (the critica! time to peak). Usually the minimum is 
in the range of times-to-peak for slow-front overvoitages. The iarger the gap length, the more 
pronounced is the minimum. For alr gaps in range 1 !he effect is negiigible and can be ignorad. 
For air clearances to be used in range 11, lhis mínimum breakdown voitage is, to ali lntents and 
purposes, equal to the breakdown voltage at the standard 250 µs time-to-peak. This means 
that !he use of !he withstand voitage of !he insuiation al the standard voltage shape 
250/2500 µs results in a conservativa insulation design for slow-front overvollages. For soma 
systems in which slow-front overvoltages have fronts much longar than the standard one, !he 
higher insuiation strength at !hase fronts may be advantageously utilizad. 

The breakdown vollage of externa! insulation under lightning impulse stress decreases with 
increasing tall duration. For withstand vollages, this decrease is neglected and the breakdown 
voltage is assumed to be equal to that under the standard lightning impulse 1,2/50 µs. 
However, sorne reduction in the insulation structure may be achieved, for example, in open-air 
substations protected by surge arresters, when !he lightning overvoltage shape and its effect 
on the insulation strength is taken into account. 

3.1.2 Phase-to-phase and longitudinal lnsu/atlon 

The dielectric strength of phase-to-phase and longitudinal insulation slructures depends on lhe 
relationship between the two vollage components al !he two terminals. This dependence is very 
importan! for externa! insulation in ranga II or in lhree-phase metal-enclosed substations. 

For externa! insulation in range 11, !he response of the insulation to phase-to-phase switching 
overvoltages depends on the value of e,. which correlatas positiva and negative voltage stress 
components (see annex O); tesis to verify the required withstand voltage shall therefore be so 
designad as to reflect this phenomenon. The representativa overvollage shape standardized In 
IEC 71-1 is a combinad overvollage having two synchronous components of opposile polarily; 
the positiva is a standard switching impulse, while the negative is an impulse with lime-to-peak 
and time-to-hall value nol shorte·r than !hose of the positiva componen!. For insulation affected 
by the relalive value of the two components, therefore, the actual overvollage amplitude shall 
be converted into the representative amplitude taking into account the insulation response 
characleristics (see 2.3.3.1 and annex O where a particular example is given). 

For longitudinal insulation structures, the voltage componenls are specified by the representativa 
overvoltages (see clause 2). 

The values for the convenlional devialion for lhe phase-to-earlh insulalion strength given in 
3.1.4 may also be applied lo the strength of the externa! phase-to-phase or· the longitudinal 
insulation, when the 50 % flashover voltage is taken as the sum of !he components applied to 
!he two lerminals. 

3.1 .3 lnfluence of weather conditions on externa/ insulation 

Flashover voltages for air gaps depend on the moisture content and density of the air. 
lnsulation strength increases with absoluta humidity up to !he point where condensalion forms 
on the insulator surfaces. lnsulation strenglh decreases with decreasing air density. A detailed 
description of !he effects of air densily and absoluta humidity is given in IEC 60-1 for different 
types of voltage stresses. 
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When determlning the co-ordinalion withstand voltage, it should be kept in mind that most 
adversa conditions from the strenglh point of view (i.e. low absoluta humidity, low air pressure 
and high temperatura) do not usually occur simultaneously. In addltion, al a given sita, the 
corrections applicable for humidity and amblen! temperatura variatlons cancel each other to ali 
intents and purposes. Therefore, lhe estimalion of lhe strength can usually be based on the 
average ambient condltions at the localion. 

For lnsulators, the possible reduction in !he withstand voltage due to snow, ice, dew or fog 
should be taken into account. 

3.1.4 Probabillfy of disruptiva discharge of insu/ation 

No method is al present available for the determination of the probability of disruptiva 
discharge of a single piece of non-self-restoring insulation. Therefore, it is assumed that the 
wllhsland probability changas from O% to 100 % at !he value defining the withstand voltage. 

For self-restoring insulation, the ability to withstand dielectric stresses caused by the 
application of an impulse of given shape can be described in stalislical terms. The melhods to 
be followed in the determination of !he withstand probability curve are given in IEC 60-1. For a 
given insulation, and for impulses of given shape and difieren! peak values U, a discharge 
probability P can be associated wilh every possible vaiue U, thus establishing a reiationship 
P = P( U). Usually the function P is monolonically increasing with values of U. The resulting 
curve can be defined by three parameters: 

a) Uso: corresponding to the voltage under which the insulation has a 50 % probability to 
flashover or to withstand; 

b) Z: !he convenlional deviation which represents !he scatter of flashover voltages. lt is 
defined as the difference between the vollages corresponding to flashover probabililies 
SO% and 16 % as shown in equation (4): 

Z = Uso - U,. (4) 

c) U0: the truncation voltage. The maximum voltage below which a disruptive discharge is 
no longar possible. The determination of this value, however, is not possible in practicar tests. 

Usually the function Pis given by a mathematical function (cumulative probability distribution) 
which is fully described by parameters Uso, Z and U0• In the traditionally used Gaussian 
distribution, the value of U50 is also the mean, and the convenlional deviation is obtained 
directly from equation (4). The truncation point is not often considerad for the sake of 
simplicity. 

For application of the statistical method for insulation coordination for slow-front overvoltages, 
lhe use of the modified Weibull cumulative probabilily distribution given in equation (5) has 
advantages wilh respect to the Gaussian distribution (advantages explained in annex C). 
Equation (5) represenls a Weibull cumulative function with parameters chosen to match a 
Gaussian cumulative probability funclion at the 50 % and 16 % probabilily of flashover and to 
truncate the distribulion at U50 - NZ (see annex C). 

where 

x = (U-Uso)IZ 

H-
( x)' 

P(U)=1-0,5 N 

x being the number of convenlional devialions corresponding to U, and 

(5) 

N belng the number of conventional deviations corresponding to the truncation voltage U0 

for which P(Uo) = O. 
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Al one conventional deviation of !he Gaussian probability distrlbutlon (at x = -1) P(U) = 0,16 in 
equation (5). lf 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 guida is described In equation (6). 

( x)'
, + -

P(U)= 1-0,5 4 (6) 

Figure 4 illustrates this modified Weibull distrlbution together with the Gaussian distribution to 
which il is matched. Figure 5 shows the same distribulions on Gaussian probability scales. 

Far slatistical 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 far 
the conventional deviation derived from a large number of test results are recommended far 
statislical calculations: 

- far lightning impulses: 

- far switching impulses: 

Z= 0,03 U,0 

Z= 0,06 Uso 

(kV), and 

(kV) 

The influence of weather conditions (refer to 3.1.3) is included in the values of derivad 
deviations glven above. 

In IEC 71-1 the parameter U10 (obtained from equation (5)) corresponding to the withstand 
probability 90 % is used to describe the withstand probability distribution together with the 
deviation: 

U,0 = Uso -1,3 Z (7) 

Annex C contains detailed information and statistical formulae to be applied in the context of 
many ldentical 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 crlterlon 

According to definition 3.22 of IEC 71-1, the performance crilerion 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 difieren! parts of the network can have different 
consequences. Far 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 ratas in a network can vary from poinl to poinl 
depending on the consequences of a failure at each of these points. 

Examples far acceptable failure rates can be drawn from fault statistics covering the existing 
systems and from design projecls where statistics have been taken into account. For 
apparatus, acceptable failure rates R. due to overvoltages are in !he range of 0,001/year up to 
0,004/year depending on the repair times. Far overhead lines acceptable failure rates due to 
lighlning vary in lhe range of 0,1/100 km/year up to 20/100 km/year (the greatest number being 
far distribution lines). Corresponding figures far acceptable failure rates due to switching 
overvollages lie in the ranga 0,01 to 0,001 per operation. Values far acceplable fallure ratas 
should be in these orders of magnilude. 
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3.3 lnsu/atlon co-ordinatlon procedures 

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

Two methods for co-ordination of insulation lo transienl overvoltages are in use: a determinístic 
and a statlstical method. Many of the applied procedures, however, are a mixture of both 
methods. Far example, sorne factors used in !he delerministic melhod have been deríved from 
statistical considerations or sorne statistical variations have been neglected in statistical 
methods. 

Determinlstic method 

The deterministic method is normally applied when no stalistical infarmation obtained by testing 
is available on possible failure rates al !he equipment to be expected In servlce. 

With the deterministic method, 

- when the insulation is characterized by lts convenlional assumed withsland voltage 
(Pw = 100 %), the withstand value is selected equal to the co-ordinatlon withsland valtage 
obtained by multiplying !he representative overvoltage (an assumed maximum) by a co­
ordination factor K,,, accounting for the erfect ar the uncertainties in the assumptions far the 
two values (!he assumed withstand voltage and !he representativa overvoltage ); 

- when, as far externa! insulation, the insulation is characterized by the statistical withstand 
voltage (Pw = 90 %), K, should account also far !he difference between this voltage and !he 
assumed withstand voltage. 

With this method, no reference is made to possible failure ratas of the equípment in service. 

Typical examples are: 

- insulalion co-ordination of interna! insulations against slow-lront overvoltages, when the 
insulation is protected by surge arresters; 

- surge arrester protection against llghtning overvoltages far equipment connected to 
overhead lines, far which experienca with similar equipment is available. 

Sfatlstical method 

The stalistical method is based on the frequency of occurrence of a specific origin, the 
overvoltage probability distribution belonging to lhis origin and !he discharge probability of the 
insulation. Alternatively, the risk of failure may be determinad combining overvoltage and 
discharge probability calculations simultaneously, shot by shot, taking into account the 
slatistical natura of overvoltages and discharge by suilable procedures, e.g. using Monte Cario 
methods. 

By repeating the calculations far ditrerenl types of insulalions and far difieren! stales of the 
network the total outage rate of the system due to the insulation failures can be obtained. 

Hence, the application of the statisllcal insulation co-ordination gives the possibility to estímate 
the failure frequency directly as a function of the selected system design factors. In principie, 
even the opllmization of !he insulation could be possible, if outage costs could be related to the 
different types ar raults. In practica, lhis is very difficutt due to the difficutty to evaluate the 
consequences of even insulation faults in difieren! operation states of !he network and due to 
the uncertainty of the cost of the undelivered energy. Therefare it is usually betler to slightly 
overdimension the insulation system rather than optimize it. The design of the insulation 
system is then basad on the comparison of the risks corresponding to the different alternative 
designs. 
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3.3.1 Jnsulation co-ordination procedures for continuous (power-frequency) voltage 
and temporary overvoltage 

The co-ordinalion withsland vollage for the continuous (power-frequency) voltage Is equal to 
the hlghest system voltage for phase-to-phase and thls voltage divided by /3 for phase-to­
earlh lnsulations (l.e. equal to !he assumed maxlmum value for the representativa voltages 
glven In 2.3.1) with a duratlon equal to the service life. 

Wlth the determinlslic method, the co-ordinatlon short-duratlon withstand voltage Is equal to 
the representativa temporary overvoltage. When a slatistlcal procedure is adoptad and the 
representativa temporary overvoltage Is given by an amplltude/duration dlstribution frequency 
characterlstlc (see 2.3.2), the lnsulatlon that meets !he performance crlterlon shall be 
determinad, and the amplltude of the co-ordinatlon wlthstand voltage shall be equal to that 
correspondlng to the duratlon of 1 mln on the amplltude/duration withstand characterlstlc of the 
insulation. 

3.3.1.1 Po/lutlon 

When contaminalion is present the response of externa! insulatlon to power-frequency voltages 
becomes importan! and may dlctate extemal insulalion deslgn. Flashover of insulalion 
generally occurs when the surfaca is contaminated and becomes wet due to light rain, snow, 
dew or fog without a significan! washing effect. 

For standardlzation purposes, four qualilatlve levels of pollution are speclfied. Table 1 gives for 
each level of pollu!lon a descrlption of sorne typical corresponding environinents. lnsulators 
shall withstand !he highest syslem voltage in polluted condltions continuously wllh an 
acceptable risk of flashover. The co-ordinatlon wlthstand voltages are taken equal to !he 
representativa overvoltages and the performance crilerion is satisfied choosing a sullable 
withstand severity of pollulion In relation to the sita severity. Therefore, the long-duratlon 
power-frequency co-ordinatlon wilhstand voltage shall correspond to the highest system 
voltage for phase-to-phase insulators and this value dlvided by ,Í3 for phase-to-earlh 
lnsulators. 

An estlmate of the pollution level for any specific area may be made according to table 1. For a 
quantitative evaluation of the sile pollution level by measuremenl, information Is avallable In 
IEC 815. 

Differenl types of insulator and even diffarent orientations of the same insulator type may 

accumulate pollution al different rates in the same environment. Furlher, for the same degree 
of pollution they may exhlbit differenl flashover characlerlstlcs. In addition, variations in the 
nature of the pollutant may make sorne shapes of insulator more effectlve !han others. 
Therefore, for co-ordination purposes, a pollution severity measure should be determinad for 
each type of insulator to be used. 

In !he case of siles with a high degree of pollution, greasing or washing the insulating surfaces 
may be considerad. 

For information, table 1 includes specific creepage dlstances necessary to wlthstand the 
pollutlon of the tour classes, although these distances are more relatad to insulatlon deslgn 
!han lo insulation co-ordination. Furthermore, IEC 507 correlatas to each pollution level of 
table 1 a range of withstand pollulion severilles to be undertaken for artificial pollutlon tests. 11 
remains the domaln of the product commiltees to define lesting requirements lo verify the 
withstand of insulators under pollulion conditions. 
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Table 1 - Recommended creepage dlstances 

Pollutlon 
level Examples of typlcal envlronments 

- Areas wlthout Industries and wlth low denslty of houses equlpped 
wlth heetlng plents 

- Areas wlth low denslty of Industries or houses hui subjecled lo 
1 frequent wlnds and/or ralnfall 

Llghl 
- AgrlcuUure areas21 

- Mountalnous areas 

- AII lhese a reas shall be sllualed al leasl 1 O km lo 20 km from lhe 
sea and shall not be exposed to wlnds dlrectly from the sea31 

- Areas: wlth Industries not produclng partlcularly pollutlng smoke 
and/or wtlh average denslly of houses equlpped with heating planls 

11 - Areas with high denslty of houses and/or industries but subjected to 
Medlum frequent winds and/or ralnfall 

- Areas exposed to Wlnd from the sea but not too close to coasts (at 
least several kilometres dlstant)31 

- Areas wllh hlgh denslty of Industries and suburbs of larga cilles 

111 
wllh hlgh denslly of heallng planls produclng pollullon 

Heavy - Areas close to the sea or in any casa axposed to reletively strong 
wrnds from lhe sea31 

- Areas generally of moderate extent, subjected to conductiva dusts 
and to industria! smoka producing particularly lhlck conductiva deposits 

- Areas generally of moderata extent, very clase to the coast and 
IV exposed to sea .. spray or to very strong and polluting winds from the sea 

Very heavy 
- Desert areas, characterlzed by no rain for long perlods, exposed to 
strong w1nds carrying sand and salt, and subjecled lo regular 
condensalion 

Mlnlmum nominal 
speciflc creepage 
distance mm/kV 11 

16,0 

20,0 

25,0 

31,0 

NOTE - This table should be appUed only to glass or porcelaln insulation and does not cover sorne 
envlronmenlal sltualions such as snow and ice In haavy pollution, heavy rain, arid areas, etc. 

11 According to IEC 815, minimum creepage distance of insulators between phase and earth related lo lhe 
hlghesl syslem vollage (phase-lo-phase). 

21 Usa of fertillzers by spraying, or tha buming of crop residues can lead to a hlgher pollution leve1 dua to 
dispersel by wind. 

31 Dlstences from se& coast depend on the topography or the coastal ares and on the extreme wind 
conditlons. 

3.3.2 lnsulatlon co-ord/natlon procedures for slow-fronr overvoltages 

3.3.2.1 Deterministic method 

The deterministic method lnvolves determining !he maximum voltage stressing the equipment 
and then chooslng the mlnlmum dielectrlc strength of this equipment with a margin lhat will 
cover !he uncertainlies inherent In !he determinalion of these values. The co-ordlnation 
withstand voltage is oblained by multiplying the assumed maximum value of the corresponding 
representativa overv9ltage by the determlnlslic co-ordlnation factor K,0• 
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For equipment protected by surge arresters lhe assumed maximum overvoltage Is equal lo the 
switching impulse protective leve! U0

, of the arrestar. However. in such cases. a severa 
skewing in the slalistical distribution of overvollages may take place. This skew is the more 
pronounced the lower the protective level as comparad to the amplitudes of the prospectiva 
slow-front overvoltages so that small variations of the insulalion withstand strength (or in the 
value of the arrestar protective level) can have a large impact on the risk of failure [4]. To cover 
this effect. it is proposed to evaluate the determinlstic co•ordination factor K,• dependen! on 
the relation of the surge arrestar switching impulse protective level U0, to the 2 % value of the 
phase-to•earth prospectiva overvoltages U02. Figure 6 establishes this dependence. 

For equipment not protected by surge arresters. the assumed maximum overvoltage is equal to 
the truncation value (U., or U01) accordlng to 2.3.3.1 and the deterministic co•ordination factor 
is Ke. = 1. 
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Figure 4 - Olstrlbutlve dlscharge probablllty of self-restorlng lnsulatlon 
descrlbed on a linear scale 
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a): coordination factor applied to the surge arrestar proteclive leve\ to obtain the co-ordination withstand voltage 
phase-to-earth (applies also to longiludlnal insulation); 

b): co-ordlnallon factor applled to twíce the surge arrestar protective tevet lo obtaln the co-ordination wlthsland 
voltage phase-lo-phase, 

Figure 6 - Evaluatlon of delermlnlstlc co-ordlnatlon factor K,.

3.3.2.2 Statislical method (and corresponding risk of failure) 

In applying the statistical method. il is first necessary lo 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 failure. The failure rate is expressed in 
terms of the expected average frequency of failures of the lnsulation (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 significan! in insulation design are sufficiently few in number to make 
the method practica!. 
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The stalistical method recommended in this guida is basad on peak value of tha surges. The 
frequancy distribution of ovarvoltages betwaen phasa and aarth for a particular evant is 
determinad from the foliowing 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 
impulse; 

- tha highest overvoltage peaks are taken to be ali 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 insulalion are given, the risk of failure of the insulation between 
phase and earth can be calculated as foliows: 

R= J f(U)x P(U)dU (8) 

where 

1( U) 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). 

f(U) x P(U) dU 

f{U) = probabilily density of overvoltage occurrence described by a truncated Geusslan or a Weibull function 

P( U) = discharge probability of insulalion described by a modified Weibu/1 function 

U, : truncallon valuo of lhe ovarvollega probeblllly dls1rlbu1Ion 

U,o - 4Z: 1runcallon value of lhe dlscharge probablllly dl•trlbullon 

Figure 7 - Evaluatlon of the rlsk of falture 

11 more than one independent peak occurs, the total risk for a phase can be calculated by 
taking into account !he risk of fallures for ali peaks. F or example, if a switching surge on a 
particular phase comprises three positive peaks leading to risks of failure R1, R2 and R3, !he 
phase-to-earth risk of failure for the switching operation is 

R = 1 - (1 - R,) (1 - R2) (1 - R3) (9) 
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lf the overvoltage distrlbution is based on the phase-peak method (see 2.3.3.1 ), and the 
insuialions in the three phases are the sama, the total risk of failure is: 

3 
R101a1 = 1 - (1 - R) 

lf the case-peak method (see 2.3.3.1) is usad, the total risk is: R,01., = R 

(10) 

NOTE - lf one of the overvoltage polarilles Is substanllally more severa for the lnsulatlon withstand, the rlsk 
values may be divlded 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 !he distances between !he 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. lf they have 
a common electrode the risk of failure is usualiy smaller than that calculated separately [6]. 

For the importan! case of the application of the statistical method to many identical paraliel 
insulalions, sea detallad discussion in annex C. 

Simolified statistical method for slow-front overvoltaqes 

The stalistical 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 distribulion 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 % probabilily oí withstand. The stalislical co-ordination factor (Kos) 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 majar contribution to the risk of failure in the 
ranga of risk considered. 

Figure 8 shows an example of the relationship 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 !he 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 !he overvoltage may cause the curve to be in error by as much as one arder of 
magnitude. On the other hand, the curves show that a variation of one arder of magnitude in 
the risk corresponds to only a 5 % variation in the electric strength. 
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Figure 8 - Rlsk of fallure of externa! lnsulatlon for s low-front overvoltages 
as a funcllon of the statlstlcal co-ordlnatlon factor K •• 

3.3.3 lnsulatlon co-ordlnatlon procedures for fast-front overvoltages 

3.3.3.1 Determlnlstlc method 

Fer fast-front lighlning overvollages, a determinlstlc co-ordlnation factor of K"' = 1 is applled to 
the assumed maximum value of lhe overvoltages. This Is because for lightning, the 
representativa overvollage includes probabllity effects. Fer fast-fronl swllchlng overvollages, 
the same relations apply as for slow-front overvoltages (see 3.3.2.1 ). 

3.3.3.2 Statlstlcal method 

The statistical melhod recommended In lhis guida Is based on !he probabllily distribution of !he 
representatlve llghtning overvoltages (see annex F). As !he frequency distrlbulion of 
overvottages is obtained by dividing lheir return rate by the total number of overvottages and 
!he probablllty denslly 1( U) Is !he derivative of the resutt, the rlsk of failure is calculated by !he 
procedures already outlíned in 3.3.2.2. The insulalion failure rata is equal to the risk of failure 
multíplied by !he total number of lightnlng overvoltages. 
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For Interna! lnsulatlon !he assumed withstand vollage has a wlthstand probabillty of 100 % (see 
deflnltion 3.23 of IEC 71·1 ). The withstand probabillly al higher vollages is assumed to be O %. 
Thls means that !he co-ordlnalion wíthstand vottage Is equal to !he representativa lightning 
overvoltage amplílude al a return rate equal lo lhe adoptad acceptable fallure rate. 

NOTE - Fast front overvoflages due to Ughtnlng are evaruated without takíng lnto account the lnstantaneous 
power .. frequency voltaga. The combinad stresses due to reversa! of polarity are therefore neglected. Thls may 
be aceeptable provlded the power-frequency amplitud e Is small comparad to that of the fast-front overvoltage. lt 
may not be conservativa fer apparatus wUh oll paper lnfemal lnsulatlon such as transformers In ranga II and the 
hlgher velues of Um in range l. Moreover, the interna! (such es turn to turn) voltages in such apparatus due to 
stresses appeerlng. at the termlnals are not strlctly considerad In insulation co-ordinatlon practica described in 
lhls guido. 

For lhe externa! lnsulallon lha convenlíonal devlalíon of the dlscharge probabilíty is usually 
smalt as comparad to the dlspersion of overvollages. As a simplíficalíon, it can be neglected 
and the same formula as for the interna! insulalion applles. 

4 Requlred w lthstand voltage 

4.1 General remarl<s 

The requlred withstand vollage to be verified in standard type test condilíons and al standard 
reference atmosphere is determinad taking into account alt factors which may decrease !he 
lnsulallon In servica so lhat !he co-ordlnalion wlthstand vollage is met al lhe equipment 
locallon during lhe equlpment lífe. To achieve this, two main types of correction factors shalt be 
considerad: 

- a correctíon factor associated with atmospheric condilions; 
- correclion factors (called safety factors) whlch take into account !he differences between 
lhe actual in-service condilíons of lhe insulalion and those in the standard withstand tests. 

4.2 Atmospherlc cotrectlon 

4.2.1 General remarl<s 

For interna! lnsulallon it may be assumed thal the almospheric air condilions do not influence 
!he insulalion properties. 

The rules for the almospheric correctíon of wilhsland voltages of the externa! lnsulatíon are 
speclfied in IEC 60-1. 'These rules are based on measurements in altitudes up to 2000 m and 
thelr applícalion lo higher altitudes should be made wilh care. For insulatíon co-ordlnalion 
purposes, !he following addillonal recommendations apply: 

a) for air clearances and clean insulators, the correctlon shall be carried out for the co• 
ordlnation swilching and lighlnlng impulse wilhstand vollages. For insulators requiring a 
pollutlon test, a correclíon of !he long duratlon power-frequency withstand voltage Is also 
necessary; 
b) for the determinalion of !he applicable almospheric correclion factor, it may be assumed 
thal the effects of ambiant temperature and humidily lend to cancel each other. Therefore, 
for lnsulation co-ordination purposes, only the air pressure corresponding to !he allitude of 
tha locallon need be lakan inlo account for both dry and wet insulalions. 
NOTE - Thls assumpllon can be considerad as correct for insulator shapes for which rain does not reduce the 
withstand voltege to a hlgh degree. For lnsulators with small shed dlstance, for which rain causes shed-bridging, 
this assumption is not completely true. 
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4.2.2 Altltude corree/ion 

The correction factor K. is based on the dependence of the atmospherlc pressure on the 
attitude as given In IEC 721-2-3. The correcllon factor can be calculated from: 

where 

K =e m(e1Hso) • 
H Is the allitude above sea level (In metras) and the value of m is as follows: 

m ; 1,0 for co-ordination lightnlng Impulse wlthstand voltages; 

m according to figure 9 for co-ordination switching impulse wlthstand voltages; 

(11) 

m; 1,0 for short-duratlon power-frequency withstand voltages of alr-clearances and clean 
insulators. 

NOTE - The exponent m depends on various parameters lncluding mlnlmum dlscharge path whlch Is generelly 
unknown at the specificatlon stage. However, for insulatlon co-ordination purposes. the conservativa estimates 
of m shown In figure 9 may be usad for the correctlon or co...ordlnatlon swltchlng Impulse wlthstand voltages, The 
determlnation of lhe exponent m Is basad on IEC 60-1 In whlch tha glven relatlons are obtalned from 
measurements et allitudes up to 2000 m. In addltlon, for all types of lnsulatlon response, conservativa gap 
factor values have been usad (refer to annex G). 

For polluted insulators, the value of the exponen! mis tentativa. For the purposes of the long­
duration test and, if required, the short-duralion power-frequency withstand voltage of polluted 
lnsulators, m may be as low as 0,5 for normal insulators and as high as 0,8 for anti-fog deslgn. 
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Figure 9 - Dependence of exponen! m on the co-ordlnatlon 
swltchlng Impulse wlthstand voltage 

4.3 Safety factors · 

..........

IEC /Oll/fM 

The maln factors · of lnfluence and related operating modes for electrical insulalions are 
indicated in annex B of IEC 505. They correspond to the following operalional stresses: 

- thermal stresses; 

electrlcal slresses; 

- environmenlal stresses; 

- mechanlcal stresses. 

The factors to be applled compensate for: 

the differences In the equipmenl assembly; 

!he dispersion In the product quality; 

!he quality of installation; 

- the agelng of the lnsulatlon during the expected lifetlme; 

- other unknown lnfluences. 
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The relallve welght of these factors and operaling modes may vary between dlfferent types of 
equipmenl. 

4.3.1 Ageing 

The electrical lnsulalion of ali equlpmenl ages in service owing to one or a comblnallon of 
thermal, electrical, chemical or mechanlcal stresses. 

For lnsulalion co-ordinalion purposes, externa! insulations are not assumed lo be subjecl to 
ageing. Exceptions are insulalions conlaining organlc materials, the agelng of which needs 
careful invesllgation, especlally when used In outdoor condilions. 

For interna! lnsulalions, ageing can be significan! and should be covered by the safety factors 
given in 4.3.4. 

4.3.2 Production and assembly dlspers/on 

The rated withsland voltages are verifled by a type test, oflen on a representativa part of an 
assembly or by a test relevan! only for a part of !he insulation system. As the equlpmenl In 
service may differ from that in type tests due to different configuratlons or insulation condilions, 
the service withstand voltage of !he equipmenl can be lower !han lhe rated value. 

For equipmenl fully assembled in the factory, thls dispersion, for insulation co-ordination 
purposes, is negligibly small. For equipment assembled on site, !he actual wlthstand voltage 
may be lower !han the required wilhsland vollage, which shall be taken inlo account in lhe 
safety factors given in 4.3.4. 

4.3.3 lnaccuracy of /he w/lhstand vol/agt1 

Far externa! lnsulation, possible deviatlons of the test arrangement from !he actual servlce 
arrangemenl and innuences of the laboralory surroundlngs shall be laken lnto account In 
addition to the statlstical lnaccuracy lnvolved In the selected type test procedure. Such 
devialions shall be covered by the safely faclors given In 4.3.4. 

Far intemal insulalion far which a wilhstand probability of 100 % is assumed in 3.23 of IEC 71-1, 
an impulse lype test with three Impulses is usually carrled out and !he stalislical uncertainly 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,J 

11 not specified by the relevan! apparatus commillees, !he following safety factors should be 
applied: 

- far interna! insulation K. = 1, 15; 

- for externa! lnsulation K, = 1,05. 

NOTE - For GIS in ranga 11, higher safety factors may be appllcable. In this case, or\.site tests may be 
considered. 
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5 Standard wlthstand voltage and testlng procedures 

5. 1 General remarks 

IEC 71-1, tables 2 and 3, speclfy standard withstand voltages Uw for range I and range 11, 
respecllvely. In both tables, the standard withstand vollages are grouped into standard 
lnsulalion levels associaled with standard values of highest voltage for equipment Um. 

In ranga 1, the standard wlthstand voltages include the shorl-duration power-frequency 
withstand voltage and the llghlnlng impulse wilhstand vollage. In range 11, !he standard 
wlthsland voltages include lhe swltching Impulse withstand voltage and !he lightning impulse 
wlthsland vollage. 

The standard lnsulation levels glven In tables 2 and 3 of IEC 71-1 reflect the experlence of the 
world, taklng into account modern proteclive devices and methods of overvollage limitation. 
The seleclion of a particular standard insulalion level should be based on the lnsulation co­
ordination procedure descrlbed in this guide and should take into account !he insulation 
characterlstics of the particular equipment being considerad. 

5.1.1 Standard switch/ng impulse wlthstand vollage 

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 lhe following: 

a) for equipmenl protected against switching overvoltages by surge arreslers: 

- the expected values of temporary overvoltages; 

- !he characterlslics of presently available surge arresters; 

- the co-ordlnalion and safety faclors between lhe prolective level of lhe surge arrestar 
and the swilchlng impulse wlthsland voltage of the equlpment; 

b) for equlpmenl not protected against switching overvollages by surge arresters: 

- lhe acceptable risk of disruptiva dlscharge considering the probable ranga of 
overvollages occurrlng al the equipmenl localion; 

- the degree of overvollage control generally deemed economical, and obtainable by
careful seleclion of the swilching devices and in !he system design. 

5. 1.2 Standard 1/ghlnlng Impulse w/thstand voltage 

In IEC 71-1, table 3, standard lightning impulse withstand voltages associated with a particular 
standard swilching impulse wilhstand voltage have been chosen in consideration of the 
following: 

a) for equipment protected by clase surge arresters, lhe low values of lighting impulse 
wlthstand level are applicable. They are chosen by taking into accounl lhe ratio of lightning 
Impulse proleclive level to switching impulse protective level likely to be achieved with surge 
arresters, and by adding approprlate marglns; 

b) for equipmenl not protected by surge arresters (or not effeclively protected), only the 
hlgher values of llghtnlng impulse withstand vollages shall be used. These higher values are 
basad on the typical ratio of lhe lightning and swilching Impulse wilhsland vollages of the 
externa! lnsulation of apparatus (e.g. circult-breakers, disconnectors, instrumenl 
transformers, etc.). They are chosen in such a way that the insulalion design will be 
determinad mainly by the ability of the externa! insulation to withstand the swilching impulse 
test vollages; 
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c) In a few extreme cases, provislon should be made for a higher value of lighlning impulse 
wilhstand vollage. This higher value should be chosen from the serles of standard values 
given in 4.6 and 4.7 of IEC 71-1.

In ranga I, !he standard shorl-duralion power-frequency or the lighlnlng impulse wilhsland 
voltage should cover !he required swilching impulse wilhstand vollages phase-lo-earlh and 
phase-lo-phase as well as !he requlred longitudinal wilhsland vollage. 

In range 11, the standard switching impulse wilhstand vollage should cover the conlinuous 
power-frequency vollage if no value is specified by !he relevan! apparalus commillee, and !he 
required short-duralion power-frequency wilhsland vollage. 

In order lo meet these general requirements, !he required wilhsland vollages should be 
converted lo !hose vollage shapes for which standard withsland vollages are specified using 
!he les! conversion factors given in 5.2. The les! conversion factors are determinad from 
exisling resulls lo provide a conservative value for the raled wilhsland vollages. They should, 
therefore, be used only in the specified direction. 

IEC 71-1 leaves il lo !he relevan! apparalus commiltee to prescribe !he long-duralion power­
frequency les! intended lo demonstrale !he response of !he equipmenl wilh respecl lo ageing 
of inlernal insulalion or lo exlernal pollution (see also IEC 507). 

5.2 Test converslon factors 

5.2.1 Ranga I 

lf adequate faclors are no! available (or specified by !he relevan! apparalus commiltee), 
suilable les! conversion faclors lo be applied lo the required swilchlng impulse withsland 
vollages are given in lable 2. These faclors apply lo !he required wilhsland vollages phase-lo­
earlh as well as lo !he sum of the componenls of phase-to-phase and longitudinal withstand 
vollages. 

Table 2 - Test converslon factors for range 1, to convert requlred 
swltchlng Impulses wlthstand voltages to short-duratlon 
power-frequency and llghtnlng Impulse wlthstand voltages 

lnsulatlon Short-duration Llghtning Impulse 
power-frequency 

withstand voltane I) 
withstand voltage 

Externa] insulation 
- air c1earances and clean insulators, dry: 

- phase-to-earth 0,6 + Urw I 8500 1,05 • UM / 6000 

- phase-lo-phase 0,6 • U-112700 1,05 • U~/ 9000 
- clean insulators, wet 0,6 1,3 

lnternal insulalion 
- GIS 0,7 1,25 

- liquid-immersed insulation 0,5 1,10 

- solld insulation 0,5 1,00 

NOTE - Urw Is the requlred switchlng impulse wlthstand voltage In kV. 

n The test converslon factors lnclude a factor of 1/ Í2 to convert from peak to r.m.s valua. 
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5.2.2 Range 11 

lf adequate factors are not available (or specified by the relevan! apparatus committee), 
suitable test converslon factors for !he conversion of !he required shorl-duralion power­
frequency withstand voltage to swilching Impulses are given in table 3. They also apply to the 
longitudinal insulalion. 

Table 3 - Test converslon factors for range II to convert requlred 
short-duratlon power-frequency wlthstand voltages 
to swltchlng Impulse wlthstand voltages 

lnsulatlon 

External insulation 
- alr clearances and c1ean lnsulators, dry 
- clean lnsulators, wet 

Interna! lnsulatíon 
- GIS 

- llquid�lmmersed insulation 
- solid lnsulation 

NOTE - The test converslon factors lnclude a factor of l2. 
peak value. 

5.3 Determlnat/on of lnsulat/on wflhstand by type tests 

5.3.1 Tes/ procedure dependency upon insu/ation type 

Swltching Impulse 
wlthstand voltage 

1,4 

1.7 

1,6 

2,3 

2,0 

to convert from r.m.s 10 

The verlfication of the eleclric strength of insulation is achieved through tests. The type of test 
to be selected for a given equipment shall conslder the nature of its insulation(s). Subclauses 
3.4 and 3.5 of IEC 71-1, define the sub-division of insulatlon inlo self-resloring and non-self­
restoring insulalion. This constrains the selectlon of the test procedure to be adopted for a 
particular equipment from lhe 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 !he oplimum selection of type 
tests from insulation co-ordination considerations. Accounl is laken of the fact that much 
equipment comprises .a mixture of bolh self-restorlng and non-self-restoring insulation. 



71-2 ©IEC: 1996 -97-

5.3.2 Non-self-restoríng ínsula/ion 

With non-self-restorlng insulalion, a disruptiva discharge degrades the insulaling property of 
the insulation and even test voltages which do not cause a disruptiva discharge may affect the 
insulation. For example, power-frequency overvoltage tests and Impulse tests wilh polarity 
reversa! may initiate treeing in polymerlc insulation and give risa to gas generalion in llquld and 
liquid-impregnated insulation. Non-self-restoring insulation is, for these reasons, testad by 
application of a limited number of test voltages at standard withstand leve 1, i.e. by withstand 
procedure A, 20.1.1 of IEC 60-1, in which three impulses are applled for each polarlty, and the 
test is successful if no disruptiva discharge occurs. 

For insulation co-ordinalion purposes, equipmenl which passes lhis test should be deemed lo 
have an assumed withstand vollage equal to the applied test voltage (i.e. the rated withstand 
voltage). Since the number of test impulses is limiled and no failure is permilted, no useful 
statistical information regarding the actual withstand voltage of the equipment can be deduced. 

Sorne equipment which contains both non-self-restoring and self-resloring .insulation can be 
regarded, for test purposes, as non-self-restoring if disruptiva discharge during the test would 
produce significan! damage lo the non-self-restoring insulalion part (e.g. lransformers testad 
with bushings having a higher standard impulse withstand voltage). 

5.3.3 Self-restoring ínsula/ion 

With self-restoring insulation, it is possible to apply a larga number of test voltages, the number 
only being limited by testing constraints and not by the insulation ilself, even In the presence of 
disruptive dlscharges. The advantage of applying many test voltages is that statislical 
information may be deduced for the insulation wilhstand. IEC 60-1 standardizes three 
alternative methods leading to an estimation of the 90 % withstand vollage. For insulation co­
ordinallon purposes, the up-and-down withstand method with seven impulses per group and al 
least eight groups is the preferred method of determining Uso- U,0 can be deduced by assuming 
a value of conventional deviation (see 3.1.4) or the !alter may be determinad by a multiple level 
test. For an evalualion of the stalistical significance of lhe test melhod, relerence may be made 
lo appendix A of IEC 60-1. 

5.3.4 Míxed insu/ation 

For equipment which has self-restoring insulalion lhal cannol be tested separately from its non­
self-resloring insulation (e.g. bushings and instrumenl transformers), a compromise in test 
method must be made. This is necessary so as not lo damage sallsfaclory non-self-restoring 
insulation while, at the same time, seeking to ensure that the test adequately discriminates 
between satisfaclory and unsalisfactory self-restoring insulation. On lhe one hand, the non­
self-restoring insulation part leads to few test voltage applications. On the other hand, the self­
restoring insulation part leads lo the need of many test voltage applications (for seleclivity 
purpose). Experlence shows that withstand test procedure B, 20.1.2 of IEC 60-1 (15 Impulses, 
up to lwo disruplive discharges permilted on self-resloring parts) is an acceplable compromise. 

lts selectivity may be indicated as !he difference between actual withstand levels whlch would 
resull in probabililles of passing the test of 5 % and 95 %. Refer to table 4. 
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Table 4 - Setectlvlty of test procedures B and C of IEC 60-1 

% probablllty Wllhstand level Wilhstand Jevel 

IEC test Number of for passlng test for95 % for 5 % probabilfty Selecllvity 
procedure Impulses at U10 probablllty to pass to pass the test 

!he les! 

8 15/2 82 Us.s u,. 1,24 Z 

IUw + 0,32 Zl Ww- O 92 71 

e 3 + 9 82 u.,e u., 2,02 Z 

,u ... + 0,40 7\ IUw-162 71 

Thus, an equipment tested using procedure B, which is on the borderline of being acceptable 
(rated and testad at its U10), has a probability of passlng the test of 82 %. A better equipment, 
having a wilhsland vollage U10 higher than !he standard val u e Uw by 0,32 Z (rated and tested at 
its Us.s), has a 95 % probability of passing the test. A poor equipment, having a withstand 
voltage lower !han !he standard value Uw by 0,92 Z (rated and tested al its U36), has a 5 % 
probabllily of passing !he test. This selectivity of test (1,24 Z) may be further quantified by 
assumlng values for Zas 3 % and 6 % of Uso for lightning and switching impulses respeclively. 
(11 should be noted that Z cannot be determinad from !he test.) The selectivity of !he 15/2 test 
is further illustrated in figure 1 O in comparison to the ideal test. 

An alternativa to !he above test procedure is withsland test procedure C, 20.1.3 of IEC 60-1, 
which is a modificalion of USA practice. In this procedure, three test Impulses are applied and 
up to one disruptiva discharge is permiUed across self-resloring insulalion, in which case a 
furlher nine impulses are applied and the test requirements are satisfied if no further disruptive 
discharge occurs. The selectivlty of this procedure is compared with that of the 15/2 test in 
table 4 and also in figure 1 O. 

100 
95._ _ ____ __ ____ _____ ___, 

82•-----------

% 

Ideal test 

IF.C J nJA."M 

Figure 10 - Probablllty P of an equlpment to pass the test dependen! on 
!he dllference K between the actual and the rated Impulse 
wlthstand voltage 
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5.3.5 Llmltations of /he test procedures 

Since the recovery of insulation from a disruptiva discharge is a time-dependen! process, an 
adequate time lnterval between test voltage applicalions mus! be permitted for the self­
restoring insulation to fully recover its eleclric strenglh. Apparatus committees should specify 
the timils of acceptabilily (if any) of time intervals between test voltage apptications which are 
dependen! upan the type of insulation. Consideralions should also be given lo the possible 
degradalion of the non-self-resloring insulation by lhe repeated application of test vollages 
even wilhout the occurrence of a disruptiva discharge. 

5.3.6 Se/ectlon of /he type test procedures 

In view of the foregoing, !he following recommendalions are made for tests performed for 
insulation co-ordination purposes: 

- self-restoring insulation should be tested with the up-and-down wilhstand method (one of 
the methods described in wilhsland test procedure D, 20.1.4 of IEC 60-1); 

- non-self-restoring insulation should be testad with !he three impulse withstand test 
(wilhstand 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 1512 test (withsland 
test procedure B, 20.1.2 of IEC 60-1). When, however, the risk of lree propagalion in the 
non-self-resloring insulation is of prime concern, and the number of voltage applications is 
considerad excessive, the 3 + 9 test (test procedure C, 20.1.3 of IEC 60-1) is an acceptable 
alternalive; 

- also, where power-frequency tests are required for insulation co-ordinalion purposes, !he
short-duralion power-frequency withstand tests (IEC 71-1) should be applied to the 
insulation, whether self-restoring, non-self-restoring, or mixed. 

5.3.7 Se/ection of the type test vollages 

For equipmenl containing only externa! 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, lhe test is performed wilh the uncorrected 
standard withstand voltage. 

For equipment containing both interna! and externa! insulation, the atmospheric correction 
factor should be applied and the test carried out with !he corrected value, provided lhal !he 
corrected factor is between 0,95 and 1,05. When the correclion factor is outslde this ranga, lhe 
alternatives listed below are acceptable for insulation co-ordinallon purposes. 

5.3.7.1 Test vo/lage of the externa/ insulatlon higher than that of the Interna/ 
(atmospherlc correctlon factor> 1,05) 

The externa! insulation can only be correctly tested when the interna! lnsulation is 
overdesigned. lf not, the infernal insulation should be testad with the standard value and, for 
!he externa! insulation, the following allernatlves may be considerad by the technlcal apparatus 
committees or by agreement: 

- test of lhe externa! insulation only on dummies; 

- interpolalion between existing results; 

- estimation of lhe wilhsland voltages from lhe dimensions. 

In general, a test of the externa! insulation is not necessary if the air clearances are equal to or 
larger than lhose given in tables A.1, A.2 and A.3 of annex A. 

71-2 © IEC: 1996 -103-

For wet tests on vertical insulators,the insulator shape should meel certain additional 
requirements. Until supporting information is available, these requirements may be considered 
as being fulfllled if the insulator shape meets requirements of IEC 815. 

For power-frequency tests under wet conditions, no addilional test of the externa! insulation is 
necessary if the clearances are largar lhan lhe rated power-frequency withsland voltage 
divided by 230 kV/m and lhe insulalor shape meets lhe requiremenls of IEC 815. 

5.3.7.2 Test voltage of the externa/ lnsulatíon lower than that of the interna/ 
(atmospherlc corree/ion factor < 0,95) 

The interna! insulation can only be correctly lested when the externa! insulation is 
overdesigned. lf not, the externa! insulation should be tested with the corrected values and, for 
lhe interna! insulation, lhe following alternatives may be considered by the technical apparatus 
committees or by agreement: 

- test of the interna! insulation with one polarity (usually negalive) impulse only; 

- test of the interna! insulalion increasing the externa! insulation strength, e.g. by corona 
control electrodes of different gap. The slrengthening measure should not affect the 
behaviour of the inlernal insulation. 

6 Speclal conslderatlons for overhead Unes 

6.1 General remarks 

Although the insulalion co-ordination procedure for overhead line insulalion follows the general 
philosophy of insulation co-ordination, the following special considerations shall be taken inlo 
account: 

- where lhe design employs free-swinging insulators, the dielectric strenglh of air 
clearances should lake into account conductor movement; 

- insulator slandards specify the dimensions of insulator units wilhout making reference to 
a highest voltage for equipment or a highesl syslem voltage. Consequently the insulation 
co-ordination procedure terminales with the determination of lhe required wilhstand voltage 
U,... The selection of a raled voltage from lhe series in IEC 71-1 is not necessary and tables 
2 and 3 of IEC 71-1 do not apply; 

- lhe insulatiori performance of overhead fines has a large impact on lhe insulation 
performance of ·substations. The transmission line outage rate due to lightning primarily 
determines the frequency of re-energization operallons, and the lightning performance rate 
clase lo the substation determines the frequency of fast-fronl overvoltages impinging on the 
subslalion. 

6.2 /nsu/atlon co-ordlnatlon for operatlng voltages and temporary overvo/lages 

The operating voltage and the temporary overvoltages determine the required insulator string 
length and the shape of !he insulator unit for the pollution site severity. In directly earthed 
neutral syslems with earth fault factors of 1,3 and below, it is usually sufficient to design the 
lnsulators to withstand the highest system voltage phase-to-earth. For higher earth-fault factors 
and especlally in lsolated or resonant earlhed neutral systems, consideration of lhe temporary 
overvollages may be necessary. 

Where consideration must be given to free-swinging insulators, the clearances should be 
determinad under extreme swing conditions. 
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6.3 lnsulatlon co-ordinatlon for slow-front overvoltages 

Slow-fronl overvoflages of interesl for overhead fines are earlh-faufl overvoflages, energization 
and re-energizalion overvoflages. When establishing the acceptable fallure rates it should be 
taken lnto account that: 

- an insulation failure due to earth-fault overvoltages causes a double phase-lo-earth fault; 
- an insulation failure due to re-energization overvoltages causes an unsuccessful 
reclosure. 

6.3.1 Earth-fault overvoltages 

Earth-faull overvoltages should be taken into account in systems wilh high earth-fault faclors, 
i.e. for distribution fines or lransmission fines in resonanl earthed-neutral systems. The 
acceptable failure rales for these fines shall be selecled in the order of magnilude of their two­
phase fightning outage rala. As a gulde, acceptable failure rates between O, 1 and 1,0 
flashover/year are typical. 

Special considerations are necessary for lines in range II where energization and re­
energlzation overvoltages are normally controlled to low amplitudes, since in this case !he 
slow-front overvoltage generaled by earth faults may be more severa. 

6.3.2 Energ/zatlon and re-energlzat/on overvo/tages 

Energization overvoltages are of interest for ali overhead fines, but specially in ranga 11. 
Suitable acceplable failure rates are in !he order of 0,005 - 0,05 flashover/year. 

Re-energization overvoltages require attention for lransmlssion lines when fas! three-phase 
reclosing is applied (because of lrapped 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 fines or for distribution fines in which !he distribution transformers remain 
connected during !he operation. 

Slow-fronl overvoltages are one of the faclors delerminlng the air clearances and, for sorne 
type of insulators, the insulator fittings. Usually their lmportance Is restricted to transmission 
lines in the higher system voltage ranga of 123 kV and above. Where free-swinging insulators 
are applied, air clearances for slow-front overvoltages are generally determinad assuming 
moderale (mean) swing conditions. Fer distribulion lines, the clearances are generally 
determinad by !he insulator (see 6.2) and slow-fronl overvoltages need nol be considerad. 

6.4 lnsulation co-ordination for lightning overvoltages 

The lightning performance for overhead lines depends on a variety of factors, among which the 
most importan! are: 

- !he lightning ground flash density; 
- the height of the overhead fine; 
- !he conductor configuration; 
- the protection by shield wires; 
- lhe tower earthing; 
- the insulation strength. 
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6.4.1 Dlstrlbutlon 1/nes 

Fer distribution fines, it should be assumed that each direct lightning ílash to the line causes a 
flashover between phases with or wilhout 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 determinad by the ground flash density and the fine height. 

For distrlbution fines 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 fer the appropriate choice of substation surge arresters 
(energy requirements). 

Fer distribulion fines with earthed crossarms, induced overvoltages may affect the required 
lightning impulse strength of the overhead fine insulation. 

6.4.2 Transmlss/on llnes 

Fer transmission fines above 72,5 kV, induced voltages can be neglected and only direct 
flashes to the line determine the fightning performance. A general guide fer a suilable target 
performance rate cannol be given because this rate would largely depend on the 
consequences of a fighlning outage and !he cost to improve shielding, earthing and insulalion 
strength. lt is possible, however, to design for a lower outage rate for the fine section in front of 
!he substation !han for the res! of !he fine, in arder 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 IEC 56). 

7 Speclal conslderatlons for substations 

7. 1 General remarks 

The voltage stresses which can arise in a substation as shown in figure 11 are described in the 
follcwing subclauses 7.1.1 to 7.1.4. 

B1 B2 

Statlon 2 Unes Station 1 Load Slde 

1 Supply Sida, 
Busbar or 
generator 

IEC /{>}9191{ 

Figure 11 - Example of a schematlc substatlon layout used for the 
overvoltage stress locatlon (see 7.1) 
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7.1.1 Operatlng voltage 

lt is assumed equal to the highest system voltage. AII parts of the substalion are equally 
stressed. 

7 .1 .2 Temporary overvoltage 

Earth faults on the load side stress ali parts of one phase of the substation equally. 

Load rejection overvoltages may arlse in the substallon malnly due to a fault in the distan! 
substation (station 2). Depending on the protection scheme, either all or sorne parts between 
circuit-breaker cb2 and the transformer will be stressed. For a fault In !he substalion ltself 
(station 1), only the parts between circuit-breaker cb1 and the transformar are subjected to 
load rejection overvoltages. 

Longitudinal overvoltage stresses may exist at circuit-breaker cb1 during synchronization if the 
transforme, is connected to a generator. When busbar 82 is operating in a difieren! system, 
the longitudinal insulation of the busbar disconnectors may be subjected to !he operating 
voltage on busbar 82 and the load rejection overvoltage on bus bar 81 in phase opposition. 

7 .1.3 Slow-front overvoltages 

Overvoltages due to line energization or re-energization can have the high amplitudes of !he 
receiving end only between !he fine entrance and the circuit-breaker cb2. The rest of !he 
substation is subjected to !he overvoltages al the sending end. 

Overvoltage due to faults and fault clearing may occur in all parts. 

7.1.4 Fast-front overvoltages 

Ughtning overvoltages may arise at all parts of the station; however, with difieren! amplitudes 
depending on the distance to the arrestar. 

Fast-front switching overvoltages occur only on the swítched section of the station (e.g. on 
busbar 82) or al one of the. breakers, when they are switched by one of !he busbar 
disconnectors. 

The different steps of insulation co-ordination are shown in three selected examples in 
annex H. 

As the specifícation of suitable long-duration power-frequency test voltages is left to the 
technical apparatus committees, the verifícation of the required long-duratíon power-frequency 
withstand voltages is omitled from the examples. 

NOTES 

1 Al the inilial stage, only one fine may be In service and temporary overvoltages due to load rejectlon efter an 
earlh faull need consideration. 

2 When the transformers are energizad via a long line, slow•front overvoltages may also stress trensformer 
and busbar. 

3 In GIS. very-fast-front overvoltages dueto disconnector operations may need conslderetion. 
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7.2 lnsulatlon co-ordlnatlon far overvo/tages 

7.2.1 Subslatlons In distr/butlon systems wlth Um up to 36 kV in range / 

For equipmant in this voltaga ranga, IEC 71-1 specifies standard rated short-duratíon power­
frequency and llghtning impulse withstand voltages. 

As a general guidé, it can be assumed that in the distríbution voltage ranga !he required 
switching impulse withstand voltages phase-to-earth are covered by !he standard short­
duration power-frequency wlthstand voltage. The required swltching impulse wíthstand voltages 
phase-to-phase, however, have to be considerad in !he seleclion of !he standard lightning 
Impulse withstand voltage, or !he short-duration power-frequency withstand voltage. 

Provided that the slow-front phase-to-phase overvoltages have been accommodated, 
equipment designad lo the lower standard lightning impulse withstand voltage values from 
IEC 71-1, table 2, may be suitable for inslallations such as the following: 

a) systems and industrial installations no! connected to overhead lines; 

b) syslems and industrial installalions connected to overhaad lines only through 
transformers where the capacitance to earth of cables connected lo the transforme, low­
voltage terminals is al least 0,05 µF per phase. When the cable capacitance to earth is 
insufficienl, additional capacitors should be added on !he transformar side of the 
switchgear, as close as possible to the transforme, terminals, so that the combinad 
capacitance to earth of the cables plus lhe additional capacitors is at least 0,05 µF per 
phase; 

e) syslems and industrial inslallations connected directly lo overhead lines, when adequate 
overvoltage protection by surge arresters is provided. 

In all other cases, or where a very hlgh degree of securily is required, equipment designad to 
the higher raled lightning impulse withstand voltage value should be used. 

7.2.1.1 Equ/pment connected to an overhead fine lhrough a transformer 

Equipment connected to !he low-voltage side of a transformar supplied on the high-voltage side 
from an overhead line is not directly subjected to líghlning or switching overvoltages originating 
on lhe overhead line. However, due to electrostatic and electromagnetic lransference of such 
overvoltages from !he high-voltage side winding to !he low-voltage winding of the transforme,, 
such equipmenl can .be subjected lo 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 Equlpment ·connected to an overhead fine through a cable 

lnsulation co-ordination, in lhis case, is not only concerned wlth the protection of the substation 
equipment but also of the cable. 

When a lightning surge propagating along an overhead line impingas on a cable, it breaks up 
lnto a reflectad wave and a transmitted wava, where the transmitted wave amplitude is 
subslantially decreased as comparad to lhal of the impinging surge. Subsequenl refiections al 
each end of !he cable, however, usually result in a substantial increase in the voltage along the 
cable above this lnitial value. In general, the higher standard rated lightning impulse withstand 
voltages from IEC 71-1, lable 2, should be selecled and surge arresters installed at the line­
cable junclion. 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 al the cable entrance of the 
substatlon. 

------
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7.2.2 Substatlons in transmlsslon systems wlth Um between 52,5 kV and 245 kV In range 1 

For equipment in this voltage range, IEC 71-1 specifies standard rated shorl-duratlon power­
frequency and lightning impulse wlthstand voltages. 

As a general guide, it can be assumed that in the transmission voltage range within range 1, the 
required switching impulse withstand voltages phase-to-earth are covered by the standard 
short-duration power-frequency wilhstand voltage. The required switching impulse wilhstand 
voltages phase-to-phase, howavar, have to be considered in the selection of lhe lightnlng 
impulse withstand voltage or standard short-duration power-frequency withstarid voltage for tha 
equipment al the fine entrance or additional phase-to-phase switching Impulse tests may be 
necessary for thrae-phase aquipmenl. 

For the selection of lhe lightning impulse withstand voltage, many considerations for lha 
distribution voltage ranga also apply to the transmission voltage range within range l. However, 
as the variety of equipment and locations is not as great, il is recommended that the insulation 
co-ordination procedure be carried out for a number of representative substation-overhead fine 
combinations using al least lhe simplifled procedures describad in annex F. 

7.2.3 Substations In transmission systems In range 11 

For equipment in this voltage range, IEC 71-1 specifies standard rated switching and lightning 
impulse withstand voltages. 

In this voltage range, the use of lhe statistical methods of insulation co-ordination should 
generally be applied. The frequency of overvoltages for both switching operalions or faults and 
lightning events should be examined, carefully considering the location of the equipment in the 
substation (e.g. to dislinguish between equipment al the sending or receiving end of energizad 
lines). Furthermore, the determlnislic insulation co-ordination method basad on temporary 
overvoltages may result in standard withstand voltages that are loo conservativa and more 
accurate procedures should be applled, whlch take into account the actual overvoltage duration 
and the power-frequency voltage-time withstand characteristic of lhe insulalion. 
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Annex A 
(normative) 

Clearances in air to assure a specified impulse withstand 
voltage lnstallation 

In complete inslallations (e.g. substations) which cannot be testad as a whole, il is necessary 
lo ensure that the dielectric strength is adequate. 

The switching and_lightning impulse wilhstand voltages in air al standard atmosphere shall be 
equal to, or greatar than, the standard switching and lightning impulse withstand voltages as 
specifred in this standard. Following lhis principie, mínimum clearances have been determined 
for different electrode configurations. The mínimum clearances specified are determined wilh a 
conservativa approach, laking into account practica! experience, economy, and size of practica! 
equipment in the range below 1 m clearance. 

These clearances are intended solely to address insulalion co-ordinalion requirements. Safety 
requirements may result in substanlially 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 
configuralions lhat the standard impulse withstand voltages are met, taking into account ali 
relevan! envlronmental conditions which can create irregularilies on the surface of electrodes, 
for example rain, pollution. The dislances are therefore not applicable to equipment which has 
an impulse type test included in the specificalion, since mandatory clearance might hamper !he 
design of equipment, increase ils cost and impede progress. 

The clearances may also be lower, where it has been confirmed by operating experience thal 
the overvoltages are lower than those expected in !he selection of the standard withstand 
voltages or that the gap configuralion 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 11, 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 correlatas !he mínimum air clearances for electrode configurations of the conductor­
structure type and the rod-structure type with the standard switching impulse withstand voltage 
phase-to-earth. The conductor-structure configuration covers a large range for normally used 
configurations. 

Table A.3 correlatas the mínimum air clearances for electrode configurations of the conductor­
conductor type and the rod-conductor type wilh the standard switching impulse withstand 
voltage phase-to-phase. The unsymmetrical rod-conductor configuration is the worsl electrode 
configuration normally encountered in service. The conductor-conductor configuration covers 
ali symmetrical configurations with similar electrode shapes on the two phases. 

The air clearances applicable in service are determined according to the following rules. 
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A.1 Ranga 1 

The alr clearance phase-to-earth and phase-to-phase Is determinad from table A.1 for the 
rated llghtnlng Impulse wlthsland voltage. The standard short-durallon power-frequency 
wilhsland voltage can be disregarded when the ratio of the standard lightnlng Impulse to the 
standard short-duratlon power-frequency wlthstand voltage is hlgher than 1,7. 

A.2 Ranga 11 

The phase-to-earth clearance is the hlgher value of the clearances determinad for lhe rod­
struclure configuratlon from table A.1 for lhe standard lightning impulse, and from table A.2 for 
!he standard switching impulse withsland vollages respectively. 

The phase-lo-phase clearance Is the higher value of the clearances determinad for !he 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 accounl In the determination of 
the required wilhstand voltages (sea 4.3.2). 

The clearances necessary to withstand !he standard llghlning impulse withsland voltage for the 
longitudinal lnsulation in ranga 11 can be oblained by addlng 0,7 times the maxlmum operating 
vollage phase-to-earth peak to the value of the standard lighlning impulse voltage and by 
dlviding the sum by 500 kV/m. 

The clearances necessary for lhe longitudinal standard swltchlng Impulse withstand voltage in 
ranga II are smaller lhan the corresponding phase-to-phase value. Such clearances usually 
exisl only in type tested apparatus and mínimum values are lherefore not given 'in this guide. 
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Table A.1 - Correlatlon batween standard llghtnlng Impulse wlthstand 
voltages and mlnlmum alr clearances 

Standard lightning Impulse Mlnlmum clearance 
wtthsland voltage mm 

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 

1600 3600 3300 

1950 3900 3600 

2100 4200 3900 

NOTE - The standard llghlning Impulse Is appllcable phase-to-phaso and 
phase-lo-earth. 

For ph�se-to-earth, the mlnimum clearance for conductor-structure and rod-
structure Is appllceble. 

Fo_r phase-lo-phase, lhe minimum clearence for rod-structure is applicable 
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Table A.2 - Correlatlon between standard swltchlng Impulse wlthstand 
voltages and mlnlmum phase-to-earth alr clearances 

Standard switching impulse Mínimum phase-to-earth 
wlthstand voltage mm ., 

kV Conductor-slructure Rod-slructure 

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 - Correlatlon between standard swltchlng Impulse wlthstand 
voltages and mlnlmum phase-to-phase alr clearances 

Standard swltchlng Impulse Mlnlmum phese-to-phase elearance 
wlthstand voltage 

mm 

Phase-to-phase 
Phese-to- value Phase-to- Conductor-conductor Red• 

earth 
Phase-to-earth 

phase parallel 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 
(informativa) 

Determination of temporary overvoltages 
due to earth faults 

The earth-fault factor is al a glven iocation of a lhree-phase system, and for a given system 
configurallon, lhe rallo of the hlghest r.m.s. phase-to-earth power frequency voltage on a 
healthy phase during a fault to earth affecting one or more phases al any point on the system 
to !he r.m.s. phase-to-earth power frequency voitage which would be obtained al the given 
iocation In !he absence of any such fault (see defini!ion 3.15 of IEC 71-1 ). 

The earth-fault factor Is calculated using !he complex impedances Z1 and Z0 of !he positive and 
zero sequence systems, taking lnto account !he fault resistance R. The following applies: 

z, = R, + jX1 : reslstance and reactance of posltive and negative sequence system, 

.Z, = Ro + )Xo : resistance and reactance of zero sequence system. 

(The earth-fault factors are calculated for the locatlon of !he fault.) 
NOTE - lt should be observad that In extended resonant-earthed notworks, the earth-fault factor may bo hlghor 
et othar locatlons than tho fault. 

Figure B.1 shows !he overall situation for R, « X, and R = O 

The ranga of high vaiues for X0/X1 positiva and/or negativa, apply to resonant earthed or 
isolated neutral systems. 

The ranga of low values of positiva X0/X1 are valid for earthed neutral systems. 

The range of low vaiues of negativa Xo/X,. shown hatched, is not suitable for practica! 
application due to resonant conditions. 

For earlhed neutral systems, figures B.2 to B.5 show the earth-faull factors as a family of 
curves applicable to particular values of R1/X1 • 

The curves are divided into regions representing the most critica! conditions by !he following 
methods of presentation: 

Maxlmum voltage occurs on the phase which leads !he faulted phase, during a 
phase-to-earth faull. 

Maximum voltage occurs on the phase which lags !he faulled phase, during a 
phase-to-earlh faull. 

•·············· Maxlmum voltage occurs on !he unfauited phases, during a phase-to-earth 
fault. 

The curves are vaiid for faull resistance values giving the highest earth-fault factors. 
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Figure B.1 - Earth-fault factor k on a base of X0/X1 for R1/X1 = R,. O 
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Figure B.2 - Relatlonshlp between R0/X1 and X,,/X1 for constan! values of 
earth-fault factor k where R, = O 
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Figure B.3 - Relatlonshlp between R0/X, and X0/X1 for constant values of 
earth-fault factor k where R, = 0,5 X1 
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Annex e
(informative) 

Weibull probability dlstributions 

In !he vas! majorlly of literalure dealing wilh exlemal insulalion lhe disruplive discharge 
probability of lhe insulation as funclion of !he peak value of the applled voltage P( U) Is 
represenled by a Gaussian cumulalive frequency distrlbution which is given by the following 
expresslon: 

where 
x = ( U -Uso)/ Z 

Uso being lhe 50 % discharge vollage (P(U50) = 0,5), and 
Z belng !he convenlional deviallon according to IEC 60-1. 

(C.1) 

A fundamental observalion, however, is lhat lhere is no physlcal support to the adoplion of this 
funclion for P( U). An evidence of lhis lack of support is that physically no discharge can occur 
below a minimum l(alue of U. The function is therefore truncated al ( U0 = Uso - 3 Z) or al 
( Uo = U50 -4 Z), so lhal P ( U) = O for U s U0• The main reason why !he expresslon (C.1) was 
adoptad Is because il fitted reasonably well wilh lhe experimental resulls. 

Also !he cumulative frequency distribution of !he overvoltages is usually described by a 
Gaussiari cumulalive function F(U) which is often truncaled al (U.,= u.so+ 3 S,) or at 
( U

p
, = U

pso + 3 S
p
) in arder to represen! an upper assumed limit for the overvollages. 

In order to account for these facts, this guide recommends !he use of Weibull probability 
functions both for lhe overvoltages and for lhe disrupllve discharge of self-restorlng insulalion, 
because il offers lhe followlng advantages: 

- !he truncation values U0 and U0, are mathemalically included in !he Weibull expression; 
- !he functlons are easily evaluated by pockel calculalors; 
- !he inversa functions U= U(P) and u. = U0(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: ( U50, Z and U0) far P( U), and for example ( u.2, s. and 
u.,) far F ( U0); 

- lhe disruptiva dlscharge probabilily funclion of severa! idenlical insulalions in parallel has 
!he same expresslon as that of one lnsulation and lts characterlstics can be easily 
determinad from !hose of the single lnsulalion. 

Thls annex describes !he derivatlon of !he two modified functions from !he Weibull cumulalive 
probabllity dlstrlbutlon wilh three parameters, to be used far the represenlation of the disruplive 
discharge probability funclion of externa! insulation under swilching and lighlning impulses, and 
of !he cumulatlve probabillty distribulion of lhe peak values of the overvoltages occurring in a 
system. 
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C.2 Disruptiva dlscharge probablllty of externa! lnsulatlon 

The general expression for the Weibull distribution is: 

{U-6)' 
P(U)=1-e 7f 

where 6 Is the truncalion value, p Is the scale parameter and y is the shape parameter. 

(C.2) 

This expression can be suitably modified for the descriplion of the discharge probability of an 
insulation with a truncated discharge probability by subsliluting the truncatlon value 6 and the 
scale factor p:

6=Uso-N Z 
1 

p =NZ(ln2) Y 

which leads to the modified Weibull function: 

(1 U-U50)' 
P(U) = 1-0,5 + ZN -

(C.3) 

(C.4) 

(C.5) 

in which the constan! N is equal to the number of conventional deviations below Uso 

corresponding to the truncation voltage (P(U) = O) and the exponen! is determinad by the 
condilion that (P ( Uso -Z) = 0, 16) resulting in: 

y 

ln[ln(1-O, 16)] 
ln0,5 

ln(1- (1/ N)) 
(C.6) 

For externa! insulation, il is assumed that no discharge Is possible (withstand probability = 
100 %) at a truncation value ( U0 = Uso - 4 Z), i.e. for N = 4. lntroducing N = 4 in equation (C.6) 
results in an exponen! of y= 4,80, whlch can be approximated to y= 5 without any significan! 
error. 

lntroducing the normalizad variable (x = ( U -Uso) / Z) as for the Gaussian function, the 
adopted modified Weibull flashover probabilíty distribution is then: 

( x)s 
1 + 

P(U)=1-0,5 4 (C.7) 

Figure 5 illustrates this modified Weibull distribution together wilh the Gaussian distribution lo 
which it is matched. Figure 6 shows the same distribulions on Gaussian probability scales. 

lf the same overvoltage stresses simultaneously M identical parallel insulations, the resulting 
ftashover probability of the parallel insulations [P1U)J is given by equation (C.8): 

P(U) = 1 - (1 -P(U)J" (C.8) 

Combining equations (C.7) and (C.8), the flashover probabilily for M parallel insulalions is: 

,j1 + X_)' 
P'(UJ= 1-0.s

"'

l 4 (C.9) 
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lntroduclng the normalizad variable (XM = (U-UsoM)IZ.,), the equation (C.9) can be expressed 
as following: 

1 + _M 
( X )S 

P'(U)=1-0,5 4 

From equations (C.9) and (C.1 O) is obtained: 

(C.10) 

(C.11) 

In general, if lhe risk of failure of one insulatlon (R) is small (such as 1 o·'¡, then the risk of 
failure of M identical parallel insulations stressed simultaneously can be approximated as the 
product of M and R. 

Replacing in equation (C.11) x and xM by their respective extended definition, and beca use al 
!he truncation poinl (Uso -4Z = U,0., -4Z., = U0), the following relationships are obtained: 

(C.12) 

These relalionships are shown in figure C.1 which glves the withstand characteristic of M 
parallel identical lnsulations relatad to the withsland characteristic of one insulation. 

For example applying preceding formulas for M = 200: 

U,012001 = Uso-2,6Z 
U1012001 = U,012001 - 1,3 Z,oo = Uso -3, 1Z 

As another example, for 100 parallel insulations, ea ch one with Uso = 1600 kV and Z = 100 kV, 
then z., = 100 / (100)115 = 39,8 kV and UsoM = 1359,2 kV. Table C.1 completes this example 
glving the values of U and U., for various flashover probabilities P( U). 

Table C.1 - Breakdown voltage versus cumulatlve flashover probablllty -
Single lnsulatlon and 100 parallel lnsulatlons 

P(U)(%) 50 16 10 

U(kV) 1600 1500 1475 

UM (kV) 1359 1319 1308 

11 The truncation value remains constant. 

Ca/culatlon of /he risk of failure 

2 1, 0,1 º" 

1400 1370 1310 1200 

1280 1268 1244 1200 

To calculate the risk of failure for the preceding example, assume U,, = 1200 kV and S, = 100 kV. 
Then, for one lnsulator: 

and 
K., = U,0 / u., = 14 75 / 1200 = 1,23 
R = 10'5 

For 100 identical parallel insulations: 

K., = 1308 /1200 = 1,09 
and R= 10·3 (to compare to figure 8) 
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As an approxlmalion, one could calculate the risk of fallure of M parallel lnsulatlons using the 
following equation: 

where 

R = �[U.so -U50] Js� +z2 (valid for R<O, 1) 

M is the number of simultaneously stressed lnsulatlons; 
<I> is the untruncated Gaussian Integral functlon; 

(C.13) 

u,.0 Is the mean value of the overvoltage distrlbution, obtained as u.2 - 2S. accordlng to 
annex D (kV); 

U50 Is the 50 % ffashover voltage determinad as wilhstand vollage divided by (1 - 1,3Z) 
(kV); 

S, is the conventional devlation of the overvollage probabilily dislribution (kV); 
Z is the conventional deviation of the flashover probabllity (kV). 

Then: R = 100 <I> ((1000 - 1600) / 140) = 100 <I> (-4,3) = 100 (10·•¡ = 10·•, which is the same 
result as above. For low risk values, the use of thls formula may be too conservativa. 

C.3 Cumulatlve frequency dlstrlbutlon of overvoltages 

To represen! the cumulative frequency of overvoltages wlth a modifled Weibull function, il is 
sufficient to changa the sign of lhe voltages wilhln lhe exponen! of equation (C.2) to take into 
account that the function shall be truncated for high-voltage values. For example, for phase-to­
earlh overvollages: 

(u.,-u.)'
F(U8)=1-e- -p- (C.14) 

With !he assumplions made in annex D lhal !he truncation value (U., = u.,o + 3 S0) and lhe 2 % 
value is equal lo (U.,= U0,0 + 2,05 s.). the exponen! of equatlon (C.6) becomes y= 3,07, 
which can be approximaled lo ·y = 3. The scale parameler wilh lhese assumptions becomes 
p = 3,5 s. to be used In equation (C.14). 

Alternatively, !he frequency dislribution of overvoltage can be expressed in a form similar to 
equation (C.5) for the disruptiva discharge: 

[1 1(�)]3 
F(U

8
)=1-0,5 3 5• (C.15) 

Wilh these faclors, bolh equations (C.14) and (C.15) yleld a probabillly of 2,2 % al !he 2 % 
value, whlch Is considerad as sufficlently accurate. 

lf the case-peak melhod and !he phase-peak method (for definition see 2.3.3.1) are compared, 
and the overvoltages al the three phases are statistlcally lndependent, then the probability 
dislrlbulion is: 

a -1u-;
u

)' Fc-p=1-(1-Fp-p) =1-e (C.16) 

where c-p and p-p refer to lhe case-peak and phase-peak method, respectively, and with the 
paramelers y = 3 et � = 3,5 s •. 
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Thls means lhat lhe paramelers p for lhe lwo methods follow !he relallon: 

p •.• = 3·"3 p •.• = 0,69 p •.• 

and consequently, !he relation between the deviatlons Is: 

s ..• = 0,69 s ...

and, as the truncation value should be !he same for bolh methods: 

Ue2c-f) = 1,08 Uo2,-p - 0,08 

Numberof 
parallel lnsulallons 

99 

Á 

.,,,. 90 

70 

50 

30 

10 

(C.17) 

(C.18) 

(C.19) 

0,1 t.-..U..u.t..LJ.._¿_..L.�-----..... -----"-------' 

U
50

-4z

U50: 50 o/o flashover voltage of a single gap 

Z: convenuonal deviallon of a single gap 

-----► 
Vollage IEC IOJJ/96 

Figure C.1 -Converslon chart for the reductlon of the wlthstand voltage 
due to placlng lnsulatlon conflguratlons In paraltel 
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Annex D 
(informative) 

Determination of the representative slow-front overvoltage due 
to line energization and re-energlzation 

D.1 General remarks 

The determlnation of the overvoltages due to energlzatlon and re-energization, the lnsulalion 
response under these overvoltages and lhe consequences for the lnsulatlon co-ordlnalion 
procedure for a phase-phase-earth insulation conflguratlon have been investlgated by CIGRE 
study commlttee 33 and been publlshed (1, 6, 7, 8). Although the principies reportad lhere are 
still valid, their application has tumed out to be complicated. Thls annex, therefore, 
summarizes the results and introduces the slmplifications which are considerad necessary for 
the use of this gulde. For an explanation of the resulls, reference is made to the relevan! 
ELECTRA publication. 

The principies are derived for the phase-peak method (defined In 2.3.3.1) in the evalualion of 
the overvoltages. The resulls and, in particular, the obtained simplifications, however, are also 
valid when the case-peak method is used. 

D.2 Probablllty dlstrlbutlon of !he representativa amplltude 
of the prospectiva overvoltage phase-to-earth 

From the 2 % overvoltage values phase-to-earth (u., values from figure 1), the representativa 
probability dislribution can be eslimated: 

Phase-peak method: 

2 o/ovalue: 
- deviation: ª• = 0,25 (u.,- 1); 

- truncation value: · u., = 1,25 u.2 - 0,25. 

11 can be noted lhat if ( u.2 = U850 + 200) lhen ( u., = U850 + 300) 

Case-peak method: 

2 % value: 
deviatlon: 

- truncalion value: 

Ue2; 

ª• = O, 17 (u02 - 1j; 

u0, = 1,13 u02 -0,13. 

(D.1) 

(D.2) 

(0.3) 

(D.4) 

As shown in annex C, for the sama switching operalion, the truncation values obtained for the 
two methods are the same. Consequently, lhe 2 o/o values and the deviations must differ. 

Corree! values for both methods can be obtained from studies. However, in view of the 
dispersion of the results, figure 1 can be usad for bolh methods. 

D.3 Probablllty dlstrlbutlon of !he representativa amplltude of the prospectivo 
overvoltage phase-to-phase 

In general, the insulation characterlstic must be taken lnto account in the evaluation of a three­
phase overvollage In order to determine lhe mosl critica! Instan! from lhe overvoltage shape 
(see clause 0.4). This most crltlcal Instan! Is sufficienlly defined by one of lhe lhree following 
instants: 
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/nstant af the pos/tíve peak of the phase-to-earth avervoltage 

Al thls Instan!, the overvollages are descrlbed by: 

- lhe positiva peak al each terminal; 
- the highest negativa componen! from lhe two nelghbouring terminals, glven the hlghest 
stress between phases; 
- the lowest negativa componen! from !he two nelghbourlng terminals. 

Instan/ of the negativa peak of the phase-ta-earth overva/taqe 

This instan! Is equivalen! to !he instan! of the positiva peak wlth reversed polarities. 

Instan/ 9f the peak of the phase-to-phase overvottaqe 

Al this instan! the overvoltages are described by: 

- !he phase-to-phase overvoltage peak between each couple of terminals; 
- !he positiva and negativa componen! of thls overvoltage; 
- !he componen! at !he third terminal to earlh. 

In ali instants, the third componen! is smalt. The overvoltage, lherefore, can be described by 
two components on two phases wilh !he third phase earthed. The probablllty distrlbulion of the 
overvoltages is bivarlate, because both components vary. In a bivariale probability distribution 
!he usually used single voltage value is repfaced by combinations of overvoltages, which ali 
have the same probability density. These comblnations form curves, which are ellipses, when 
Gausslan distributions are used to approximate the probabilily distribulion of !he componenls, 
wlth the special case of circles if !he dispersions of the two distributions are equal. lf Weibult 
dislribulions are usad, the curves are similar lo elfipses or clrcles. 

Besides being !he curve of constan! probability density, a further characterislic of !he curve is 
thal each tangen! to lhem defines a composile phase-to-phase overvoltage of constan! 
probabillty. Figure 0.1 shows an example from (7) correspondlng to a tangen! probability of 2 % 
for !he three lnstants mentloned above. Accordlng to the evaluatlon of overvoltages only one of 
the three curves corresponds to the most crltical instan! for the insulalion and only this curve is 
representativa for the.overvoltages. 

In order to simplify and to take into account instants between lhe three selected ones, it is 
proposed in (7] to represen! the lhree curves by a circle given in figure 0.2. This circle is fully 
defined by the positiva and !he equal negativa peak of !he phase-to-earth overvollages and !he 
peak of !he phase-to-phase overvoltage. The circle has ils centre al: 

+ _ Up-J2.U8 
Uc =Uc = 2 _J2. (0.5) 

and a radius: 

(0.6) 

where the phase-to-earth overvoftage u. and !he phase-to-phase overvoltage u. correspond to 
the same considerad probabllity. 
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The phase-to-phase overvollage probabillty distribution can be estimaled as (refer to figures 1 
and 2): 

Phase-peak method: 

2 % value: 
- deviation: 
- truncation value: 

Case-peak method: 

- 2 % value: 
- deviation: 
- truncation value: 

D.4 lnsulatlon characterlstlc 

Up2; 

ª• = 0,25 (u.2 - 1,73); 
Upt = 1,25 Up2 - 0,43. 

Up2; 

ª• = o, 17 (u., - 1,73); 
u,, = 1, 14 u., - 0,24. 

(D.7) 
(D.8) 

(D.9) 
(D.10) 

In the evaluation of three-phase overvoltages the baste insulation characteristics have to be 
taken into account in order to determine the instan! of the overvoltage transient which is most 
critica! for the insulation (see 3.1.1 ). Figure D.3 shows two-phase termina Is and the earth 
terminal of a complete insulation configuration in which the third phase is disregarded for 
simplification reasons. For lhe descriplion of the dielectric strength of such a configuration lwo 
methods have been used. 

- The positiva componen! belonging to a given discharge probability is reportad dependen! 
on the negalive componen!. 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 reportad dependen! on a ratio a.: 

where 
¡/ is the positiva componen!; 
if is the negative componen! 

a=IJ/(¡/+IJ)=1/[1+(c//tr)] (D.11) 

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 negativa componen! has llttle 
or no influence on the discharge probability. In range b the dlscharges 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 !he discharges from the negative terminal to 
earth. 

The discharge voltages in ranges a and c can be determined with the opposite terminal 
earthed, i.e. with a voltage componen! equal to zero. In ranga b, however, the ratio of the 
components (or the ratio a.) influences the resull. This par! of the insulation characteristlc, 
which is responsible for the phase-to-phase flashover depends on the eleclrode 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 difieren! parts of the configuration, e.g. when the radius of the 
eleclrodes is large comparad to their clearance. The discharge between phases is 
exclusively determinad by the total voltage between phases. The insulation characteristic in 
range b decreases at 45º in figure D.4 a) or is constant in figure D.4 b). Such configurations 
exist in three-phase power transformers or in GIS; 
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- 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 
characterislic 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 lhree-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 aboul 45º in figure D.4 a) and constan! in figure D.4 b). 

b) short air claarances with inhomogeneous electric field 
The discharge voltage is substanlially higher than the corona inception voltage. This 
discharge process corresponds to a streamer discharge, as a leader does not develop 
owing to tha short air clearance. The discharge probability is determinad by the sum of
the lwo components, which means that !he insulation characterislic in ranga b decreases 
with 45º in figure D.4 a) or is constan! in figure D.4 b). The air clearances in range I 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 positiva terminal takes place. This means that the dielectric field around the positiva 
terminal is decisiva and the positive componen! has a higher influence on lhe discharge 
lhan the negativa. Tha insulalion characteristic decreases by lass than 45º [6]. Air 
clearances in range 11 of IEC 71-1 can be associaled with lhis group. 

In summary, lhe insulation characleristic of a two-phase insulation configuration is described 
by: 

- the positiva switching impulse withsland 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: 

u+ =Uo +au­

or, for the representation in figure D.4 b), by: 

The value of the constan! 8 is: 

In ranga 1: ali insulation types: 
In range 11: 

- Internar insulation: 
- externa! insulation: 

u• 
u• +u-= 0 

8= 1; 

B= 1; 

B < 1. 

1-a(1-8) 

Figure D.5 gives the angle ci, (B = tg cp) dependent on lhe ratio of O/Ht. 

(D.12) 

(D.13) 
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IEC 71-1 defines the representativa overvoltage between phases as conslsling of 
lwo components with equal amplitude and opposite polarity. This overvoltage is si!ualed on the 
fine u' = IJ or a = 0,5. The most crllical stress on the insulation configuration depends on the 
insulation characteristic and, in particular, on the inclination B menlioned in equation (0.12). 
The mosl critica! stress is given by the voltage componen! at whlch lhe characteristlc is tangen! 
to the circle proposed as a simplification to describe the overvoltages. Figur·e 0.2 shows lhal 
the most critica! stress does not correspond with the representativa overvoltage, if !he 
inclination Bis smaller !han 1. In this case, the representative overvoltage mus! be increased 
in order to test at a = 0,5. This results in a new value for the phase-to-phase representative 
overvoltage u,,,. given by: 

u,,,. = 2 (F1 U,2 + F2 U02) (0.14) 

The deviation value s,,. and the lruncation value u,,,. are respectively given by equations 
(0.15) and (0.16): 

where: 

s,,. = 2 (F, s, + F2 S0) 
V,,,. = 2 (F1 U,,+ F2 U01) 

(0.15) 
(0.16) 

lf B = 1, i.e. for interna! insulalion and externa! insulalions in range 1, !he representative phase­
to-phase overvoltage is equal lo !he probabilily dislribulion of lhe phase-lo-phase overvoltages. 
lf B < 1, lhe represenlalive phase-to-phase overvoltage varias between the phase-to-phase 
overvoltages for B = 1 and lwice lhe phase-lo-earlh overvollages for B = O. 

D.5 Numerlcal example 

A phase-phase-earlh insulalion· configuralion lypical for a syslem wilh Um = 765 kV (1 p.u. = 

625 kV) has an insulation slrength belween phases described by a constan! B = 0,6. This 
results in !he constanls F, = 0,463 and F2 = 0,074. 

Wilh lhe phase-lo-earlh overvoltage paramelers (phase-peak): 

- U02 = (1,98 p.u.) = 1238 kV; 
- s. = (0,25 p.u.) = 156 kV; 
- U0, = (2,225 p.u.) = 1391 kV. 

The phase-to-phase overvoltage parameters are derivad: 

- U02 = (3,366 p.u.) = 2104 kV; 
- S0 = ( 0,42 p.u.) = 263 kV; 
- U01 = (3,778 p.u.) = 2361 kV. 

The representalive overvoltage amplitude phase-lo-earlh is equal lo the phase-lo-earlh 
overvoltage. The represenlative overvoltage amplitude phase-lo-phase is derived from 
equations (0.14) lo (0.16) wilh lhe above-given constants: 

- u,,,. = (3.41 p.u.) = 2131 kV; 
- S,,. = (0.44 p.u.) = 266 kV; 
- V,,,. = (3,828 p.u.) = 2392 kV. 
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The required wilhstand voltages for K" = 1, 15 are then: 

- phase-to-earlh: Uw = U,2 x 1,15 = 1424 kV; 

- phase-to-phase (nominal): Uw = U
p2 x 1,15 = 2420 kV; 

- phase-lo-phase (derived): Uw = u,2,0 x 1, 15 = 2451 kV. 

In IEC 71-1, table 3 provides standard wilhsland voltages of 1425 kV phase-lo-earlh and 2422 
(1425 x 1,7) kV phase-lo-phase. While these values would adequalely cover the nominal 
required wilhsland vollages, lhey would nol cover lhe derived phase-lo-phase required 
wilhstand voltage u,,,. of 2451 kV. Therefore the nexl highesl standard withstand voltages of 
1550 kV phase-lo-earlh and 2480 (1550 x 1,6) kV phase-lo-phase must be selecled and !he 
insulation Is lo be lested wilh positive and negative swilching impulses of equal magnilude. 
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Figure D.1 - Example for blvarlate phase-to-phase overvoltage curves wlth 
constan! probablllty denslty and tangenls glvlng !he relevan! 
2 % values 
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u+ 

Jff /1)171911 

1 · simpliried overvoltage circle as given by the values ror the phase-to-earlh overvoltage u.+ = U0 - end for the 
phase-to-phase for the considered probability 
2: 50 % flashover characterlstic of the lnsulatlon 

R: most critica! overvoltage stress 

Figure 0.2 : Principie of the determlnatlon of the representatlve 
phase•to-phase overvoltage u.,. 

tf : posltive voltage component 

t.r : negativa vollage component 
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Figure 0.3 - Schematlc phase-phase-earth lnsulatlon conflguratlon 
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e) 50 % poslllve component dependant on the negativo component 
b) 50 1% total flashover dependent on a 
ranga a: flashover from positiva phase terminal to earth 
ranga b: nashover between phase terminals 
ranga e: flashover from negativa phase terminal to earth 

Figure 0.4 - 0escrlptlon of the 50 ¾ swltchlng Impulse flashover voltage 
of a phase-phase-earth lnsulatlon 
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Annex E 
(informative) 

Transferred overvoltages in transformers 

E.1 General remarks 

In sorne cases, the voltages and surges lransferred through the lransformer can be decisive 
when the overvoltage prolection of !he 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 !he network. 

The surges can be transferred through !he transformar from one winding system to another. In 
certain cases !he 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 !he transformers are mainly fast-front or slow-front 
overvoltages. The transfer mode depends upon associated rates of change. In principie, the 
lollowing transfer modes can come into question: 

- electrostatic or capacitive transfer; 

- oscillatory transfer through natural oscillations of primary and/or secondary circuits of the 
transformer (the earth capacitances and the self-inductances of !he windings form !he 
oscillalion circuits); 

- normal electromagnetic lransfer which depends primarily on the lurns ratio, leakage 
inductance and loading impedance of the transformer. 

The oscillalory component is damped and superimposed on !he electromagnetic transferred 
componen!. The osclllatory componen! is usually small and of secondary importance, if it Is no! 
magnified by resonance effects. Therefore, this transferring mechanism is nol considered 
further here. 

The transferred surge has usually both the capacitively and inductively transferred components 
which superimpose to !he power-frequency voltage. The eventual voltage rise due to an earth 
fault have to be included in the power-frequency voltage. The capacitively transferred 
componen! lays typically in megahertz ranga and is seen first in !he transferred surge. The 
lnductively transferred componen! comes alter the capacitiva one. lts shape and amplitude 
changa in time because !he distribution of !he voltage along !he 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 !he 
high-and low-voltage wlndings is excep!ionally hlgh (e.g. generator transformers or a 
transformer wilh a tertiary wlndlng) and where the capacitance of the low-voltage side is low. 

The magnitude of the transferred voltages depends on the construction of the transformer 
(especially !he construction of !he windings - disc, inlerleaveéJ 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, !he shape of the incoming surge has an importan! role. 
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Sorne of the constructional factors influenclng the magnitude of transferred surges are difficult 
to calculate. Therefore, the most practica! method to get a quanlitative estimate for the 
magnitude of these surges is to measure them, e.g. with recurren! surge measurem¡mt. 

The following explains only the most importan! 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 thal the surges come in the prlmary 
winding and are transferred from there to the secondary winding. 

E.2 Transferred temporary overvoltages 

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 fault. The magnitude of the transferred temporary overvoltage 
depends on the primary voltage during the earlh fault, capacitance ralio of the transformar and 
on the eventual additional capacitors connected to the secondary side. 

The maximum phase-to-earth overvoltage can be estimated from: 

where 
u,. is the secondary overvoltage caused by the earth fault in the primary; 

u,. is the voltage in the neutral point of the primary winding during lhe earlh fault; 

U'"/ ,/3 is the rated phase-to earth voltage in the secondary side; 

C12 is the capacitance between primary and secondary windings; 
e, 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 vollages should rigorously be added vectorially; however, arithmetic addition as given 
yields conservative resulls. 

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 11 O kV transforrners if the rated secondary voltage is 10 kV or less. 

Another case leading to excessive capacitively transferred overvoltages is when the secondary 
winding with an isolated neutral is totally disconnected from the network durlng an earth fault 
on the primary slde. 

The magnitude of these overvoltages can be reduced wlth the help of addltlonal capacltances 
which are connected between phase and earth in ali phases on the secondary side. Oflen a 
capacitar of O, 1 µF is enough. 
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E.3 Capacltlvely transferred surges 

Capacitively transferred surges are usually critica! only when they are transferred from the 
high-voltage side to the low-voltage side. 

The capacltlvely transferred surge can originate from the potential rise of the primary winding 
caused by incoming fasl-front or slow-fronl overvoltages. They transfer to the secondary 
through the winding capacitance as in the case of unbalanced primary voltages but an 
importan! difference is causad by the fact that in the case of rapid primary voltage variations 
only those parls 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 transformar winding is calculated from 
the distributed series and earth capacitances (C, and C0 respectively) by: 

(E.2) 

The value of C, can be measured but the value of C, has to be estimated on the basis of the 
construclion of the windings. Therefore, only the manufacturer can give the value of lhe 
capacitance e,.

NOTE - The validily of the above calculation of C11" is based on the assumption of a high iniliat dlslribulion 
eonstant of the wlndings (9). When high-voltage wlndings with much hlgher series capacitances {low distribution 
constant) are used, lhis approximation will he fess accurate, 

The surge capacitances form a capacitive divider (refer lo 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 resulting initial voltage spike on !he open 
secondary side is given by: 

Ur, = ghUn 

where 
g = C110 / (C110 + C310): dividlng ratio of the divider 
h is the power-frequency voltage factor. 

(E.3) 

The dividing ratio g can range from 0,0 to at least 0,4. lt can be estimated from the data 
available from lhe manufaclurer of the transformer or measured by low-voltage impulse test. 
Delta connection of the low-voltage winding with a star connected high-voltage winding results 
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 lype of 
transformar windings connections: 

- for slow-front overvoltages, it is corree! to assume h = 1 (no matter what the windings 
connections are); 
- for fast-front overvoltages, h > 1 shall be used; 

- for star/delta or deltalstar connections. h = 1,15 (rough estímate); 
- for star/star or delta/delta connections, h = 1,07 (rough estímate). 

In the case of fast-front overvoltages, the value of Ur, can be the protective level of the 
arresters connected on the primary sida. In the case of slow-front overvoltages, the value of 
Ur, can be !he peak value of the phase-to-earth voltage stress (assuming the arresters wlll 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 transformar, effectively reduces the 
magnitude of the capacitiva spikes. Usually these overvoltage spikes are critica! only in the 
case of transformers with larga step-down ratios and when only a small capacitance is 
connected to the secondary. Critica! 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 addilional 
capacitors, especially in the case of equipments which do not tolerate voltages with fast rising 
fronls (e.g. generators and molors) or if the capacitive ratio of the transformer is unfavourable, 
because otherwise !he surge arresters on the secondary side might operate too frequently. 
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E.4 lnductlvely transferred surges 

Inductiva transfer of surges Is usually the most importan! transfer mode and takes place 
already on moderate rates of voltage changes. Usually, an lnductive surge transfer Is 
associated with the transient behaviour of the surge voltages and currents in the primary 
winding when the lnitial distributions changa in an oscillatory fashion towards· the final voltage 
and curren! distributions. This means that the transferred surge is composed of severa! 
components which oscillate with different frequencies. 

In this transfer mode, the transformer operates essentially in its normal moda and conventlonal 
power-frequency methods apply in the analysis of the magnitudes and shapes of the surges. 
Consequently, the derivatlon of equivalen! 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 compiicated. Therefore, only simple approximative equations are afien used for 
the determination of surge magnitudes. Consequently, direct measurements can give more 
reliable and accurate information on the magnitudes of the lnductively transferred surges. 

The magnitudes of the inductively transferred surges depend on: 

the magnitude of the primary voltage (including the arrestar operation); 

!he duration of the incoming surge; 

- the characteristics of the transformar (number of windings and turns ratio, short-circuit 
impedances, vector group); 

- the surge impedances of the lines connected to !he secondary; 

- the characteristics of the load. 

The surge lnduced on the secondary sida of a transformer may be estimated wlth the help of 
equation (E.4): 

Ur, = h q J w Ur, 

where 

h is !he factor defined under equation (E.3); 

q is the response factor ofthe secondary circuit to the transferred surge; 

J is the factor dependen! on the connection of the windings; 

w is the ratio of transformer secondary to primary phase-to-phase voltage. 

(E.4) 

The response factor q basically determines the amplitude of the osclllation. The magnltude 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 !he 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, sorne values are given lo illustrate the situation in the case of transformers 
with disc windings. Manuíacturers should be contactad in the case of transformers with other 
winding types. 

Sorne typical values for q can be defined as following: 

- if the transformer is connected to an overhead line wlthout appreciable load, the value of 
q varíes for fast-front surges from 0,3 to 1,3 when the rated voltage of the secondary 
winding varíes from 245 kV to 36 kV; 

- for switching surges on a similar system without appreciable load, the usual value is q < 1,8; 

- if the transformar is connected to a cable, the usual value is q < 1,0, both for the fast-
front and the slow-íront surges. 
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Clearly higher values of q can result in the case of a three-winding transformar. Even values 
exceeding 1, 7 to 2,0 have been recordad 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 figura Is based on the assumptlon thal the system voltage ratio is unity. 

lnductlvely 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; 

- lhe secondary wlnding has a low rated voltage but a high raled power (e.g. generalor 
transformers); 

- lhe winding is lhe tertiary of a three-winding transformar. 

lnductively transferred surges can be dangerous for the phase-to-phase insulation of the delta­
connected secondary windings, although ali terminals of the transformer are equipped with 
surge arresters connected belween phases and earth. Therefore, arresters connected belween 
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 
causad. 

The protectlon between phases and earth as welt 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 
capacilors does not usually reduce the inductively transferred overvoltages. 
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Figure E.1 - Dlslrlbuled capacllances of the wlndlngs of a transformer and 
the equlvalent clrcult descrlblng the wlndlngs 
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Figure E.2 - Values of factor J descrlblng the effect of the wlndlng 
connectlons on the lnductlve surge transference 
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Annex F 
(informative) 

Lightning overvoltages 

The overvoltages In substalions depend on amplitude and shape of the overvoltage impinging 
on the substalion from the overhead line conductor as well as on lhe travelling wave behaviour 
of the substation itself. The frequency with which such impinging overvollages occur is given by 
the lightning performance of the overhead line connected to the substalion. For substations or 
parts of a substalion to which no surge arrestar is connected. the most important parameter is 
the amplitude of the impinging overvollage; for substations protecled by surge arresters. it is its 
steepness and the separalion 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 impinglng surge can be only 
sufficient to cause a certain overvoltage amplitude if the lightning stroke hils the overhead line 
within a certain distance from the substatlon (see F.2 for detailed explanations). For further 
strokes the sleepness will be too low, irrespeclive of the amplilude of the surge. 

The knowledge of this limit dislance is of primary importance. In delailed digital overvollage 
calculations using transient programs the overhead line should be carefully simulated over lhis 
distance. Recommendations for lhe necessary paramelers to be included in such calculalions 
are given in [9]. Furthermore, all simplifications which take into account the frequency of 
occurrence of the overvollage amplitudes are based on similar considerations. 

F.2 Determlnatlon of the llmlt dlstance (Xp) 

F .2.1 Prolection wilh arresters in the substation 

This subclause contains more detáiled iníorrnalion on surge arrester prolection discussed in 2.3.4.5. 

When more than one overhead line is connecled to the substalion, lhe original sleepness (S) of 
the impinging surge can be divided by the number of lines (n). However, il is emphasized thal 
the number oí lines should correspond to the mínimum number which reasonably remain in 
service taking into account possible oulages during lightning storms. 

Allowing for the fact that the steepness of the impinglng 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: 

where 

S " 1 / (n l<oo X) (F.1) 

n is the number of overhead lines connected to the subslalion; if mulli-circuil towers are 
involved and double-system back flashovers have to be taken into account, it is 
recommended lo divide lhe number by lwo; 

Kco is the corona damping constan! according lo table F.1 (µs/(kV.m)); 

X is the distance between struck point of llghtning and substation (m). 

NOTE - The formula has been derived with the assumptlon lhat the d!slances between the protected object and 
the connection points of the overhead lines result in travel times of less than half the front lime of the lmpinging 
surge. The lead between object and connection point, therefore, can be neglected in en approximate estimation. 
This approach is justified for determination of the limit dislance in formula (f.2) because here low sleepnesses 
of the impinging surge are relevan!. For the calculation of actual overvoltages resulting from an assumed 
impinging surge, this simplification may be not conservativa. 
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The use of this steepness value in equation (1) does not yield suíficiently accurate results for 
the calculation of overvoltage at the equipment. However, it Is sufficient (and conservativa) lo 
estimale the limit distance Xp 

by: 

Xp = 2T I [nKco (U - u,,)] (F.2) 

where 

U Is the lowest considerad overvoltage amplitude; 

r Is the longest travel time between any point in the substation to be protected and the 
closest arresler (µs); 

u., is the lightning impulse protective leve! of the arrestar. 

For distances largar than X
p 

tha steapness will be reducad such that the overvoltage al the 
equipment will in general be smaller than the assumed value U. 

Table F.1 - Corona damplng constan! Kco 

Conductor configuratlon K"' (µs/(kV.m)) 

Single conductor 1,sx10-• 

Oouble conductor bundle 1,Q X 10-B 

Three or rour conductor bundle 0,6 X 10-6 

Six or eighl conductor bundle 0,4 X ,0-B 

F .2.2 Self-protection of subslalion 

Self-protection of the substation exists when the lightning overvoltage impinging the substation 
from the overhead line is decreased below the co-ordination withstand vollage by the 
refleclions within the substation itself without any action of arresters. The fundamental 
requlrement 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; 

U50 is the 50 % lightning impulse flashover voltage of the line insulation, negativa polarity; 

U is the overvoltage amplltude considerad. 

In addition the impinging surge mus! not cause too high overvoltages beíore the reflections 
from the additlonal llnes act to decrease them. This requirement is fulfilled ií the steepness of 
the impinging surge is so small due to corona damping effects on the line lhat the substation 
can be considerad as lumped element. This can be consldered as valid when the lightning 
struck-point Is beyond the limit distance: 

X,� 4 ( TI K,0U) (F.4) 

where T is the travel time to the most distant poinl from the substation busbar (µs). 
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An appreciable self-protection effecl may be presenl in the case of GIS or cable-connected 
substations for which the refleclions al the line entrance already decrease the overvollage 
below the permitted value. This can be assumed as valid if: 

U> (6Z, /(Z, + Zd)Uso (F.5) 

where 

Z, is the surge impedance of the substalion; 

ZL is the surge impedance of the overhead line. 

However, the distance between the lightnlng struck-point to the substation entrance may not be 
so small that the refleclion from the substation interferes with the lightning. For this reason the 
following mínimum limil distance is applicable: 

X
p 

= 1 span - for shielding failures; 

X
p 

= 2 towers - for back flashovers. 

F.3 Estlmatlon of the representatlve llghtnlng overvoltage amplltude 

As the full travelling wave calculation including the simulalion of the overhead line performance 
is extremely difficult, a simplified procedure has been proposed in [9]. This procedure consists 
in calculating a lightning curren! with the desired return rate and calculating the overvoltage by 
travelling wave calculations in the substalion including a short-line section equivalen! circuil. 

F .3.1 Shielding penetra/ion 

The lightning curren! determining the impinging surge is determined from the shielding 
penetralion rata wilhin the limit distance and ils probability to be exceeded: 

F(f) = F(/m) + (R, / R,) (F.6) 

where 

F(/m) is the lighlning curren! probability corresponding to the maximum shielding curren!; 

R1 is the considerad return rate; 

Rp is the shielding penetration rate withing the limit distance. 
NOTE - The shietding penetration rate can be oblained from the shielding failure flashover rata by: 

where 

is the shlelding failure flashover rate; 

(F.7) 

F(/c,} is lhe probabiHty correspcnding to the current causing line insulalion flashover al negativa polarity. 

The currents corresponding to the probabilities can be obtained from the lightnlng stroke 
curren! probability distribulion in the shielding failure range to be found in publlcalions. 

The amplitude of the impinging overvollage surge Is determinad by equation (F.8) and lts 
steepness may be assumed to correspond to equalion (F.9): 

U, = ZL/ / 2 

S= 1 / (KcoXT) 
where XT = Xp I 4. 

(F.8) 

(F.9) 

1 
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lts time to half-value should be 140 µs. lf peak values higher than 1,6 times the negativa 
flashover voltage of the line insulation are obtained, an impinging surge with this peak value 
should be used. 

The impinging voltage surge is usad to perform a travelling wave calculalion within !he 
substation and lhe representativa overvollages are obtained for this return rate far the various 
locations. 

NOTE - For sorne conductor bundles the corona inception voltage can be very hlgh and !he assumption of a 
linearly rislng front may lead to an underestimation of the overvoltages, For such cases, a more suitable 
representation of the lmpinging surge front ls recommended. 

F.3.2 Back flashovers 

The lightning curren! delermining the design impinging surge is determined from the number of 
flashes to the overhead line tower and earlh-wires within the limit distance and its probability to 
be exceeded is: 

F(f) = R,I R1 (F.10) 
where 

R, is the considerad relurn rate; 

R, is the flashing rate withing the limit distance. 

The vollage crealed al the lower footing impedance by lhis curren! is determinad by ils time 
response and curren! dependence. When lhe extension of the tower footing is within a radius 
of 30 m, the time response can be neglected and the tower footing impedance is: 

where 

R,c is the low curren! resistance; 

1
9 

is the limit curren! (kA). 

The limit curren! /
9 

represents the soil ionization and is evaluated by: 

where 

p is the soll resistivity (Q.m); 

E0 is the soil ionization gradient (recommended value: 400 kV/m). 

The amplitude of the design impinging surge is then given as: 

U¡= (1-c,)R,0/ 

R 

(F.11) 

(F.12) 

(F.13) 

where e, is the coupling factor between earth-wire and phase conductor. Typical values are: 

e, = O, 15 for single earth-wire lines; 

- e,= 0,35 for double earth-wire lines. 

lf amplitudes higher than 1,6 times the negativa flashover voltage of the line insulation are 
obtained, an impinging surge with this amplitude should be used. 
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The deslgn lrnplnging surge has an exponentlally decreasing tail with a time constant t given by 
equation (F.14) and a linear increaslng front whose steepness Sis given by equation (F.15): 

where 

t=�oS_p_ 
R1c e 

(F.14) 

z. is the earth-wire surge irnpedance. Typlcal values are 500 n for single earth-wire lines 
and 270 n for double earth-wire lines; 

L., is the span length (m); 
e is the light velocity (recommended value: 300 mlµs). 

where 
Kc, is given by equation (F. 1 ); 
Xr is given by equation (F.9). 

S = 1 1 (K.,0X1) (F.15) 

For travelling wave calculations in the considered substation, a single conductor of the length 
X1 and surge impedance equal to that of the phase conductors is connected to the substation. 
A voltage source with the infernal impedance of the low current footing resistance R1c Is placed 
at the end of the conductor. 11 produces a voltage with the shape parameters of the irnplnging 
surge. 

lf the impinging surge amplitude is higher than 1,6 times the positiva 50 % lightning impulse 
nashover voltage, the simplifications are no longer applicable and more careful studies may be 
recommendable. The sama applies for tower footing extensions largar than 30 m in radius. 

Two dependencies of the representativa overvoltage amplilude 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 sorne conductor bundles the corona lnception voltage can be very high and the assumptlon of a 
llnearly rlsing front may lead lo an undorestimalion of lhe overvoltages. For such cases, a more sullable 
representation of the impinging surge front is recommended. 

F.4 Slmpllfled 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 al! events outside this 
distance lower values; 
- the overvoltage at the equipment can be calculated accordlng to equation ( 1) and 
equation (F .1 ). 

As mentioned already both assumptions are not strictly valid. Firstly, not all events within a 
certain distance are equally severa. They depend on the lightning curren! 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, curren! practica 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 
rnlnirnurn value of X Is one overhead line span length. The representative steepness S,0 to be 
applied in equation (1 ), therefore, is equal to: 

s,, = 1 / [Kco(L,0 + L1)] (F.16) 
where L, = (R, 1 R,m) 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 
subslatlon owlng to lhe good subslation earthlng and lhat shleldlng failures do nol occur in the firsl span of the 
overhead ltne. Therefore, there Is a mlnimum travel lenglh of the implnging surge which results in a maximum 
posslble sloepnoss. The analytleal expresslon uscd In formula F. 16 is an approxlmalion to this observaUon. 
Alternatlvely, lnstead of the sum, lhe higher value of the span 1ength or !he length L

t 
can be used. 

Thus, introducing S,p in equation (1) and putting A = 2 / (Kc, e) for transmission lines, the 
dependence of the representativa lightning overvoltage on the return rate is obtained by: 

where 

U,p = Up1 + � __ L_ 
n L,;p+L1 

U,0 is the representativa lightning overvoltage amplitude (kV); 

(F.17) 

A is a factor given In table F.2 describing the lighting performance of the overhead line 
connected to the statíon; 

U01 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 = 81 + 82 + 83 + 8, as shown on figure 3 (m); 
L,0 is lhe span length (m); 
L, is the overhead line lenglh with outage rate equal to adopted return rate (m); 
R1 is lhe adoptad overvoltage return rate ( 1 lyear); 
R,m is the overhead line outage rate per year for a design corresponding to the first 

kilomelre in front of the station (see equation (F.16)) [usual unit: 1/(100 km.year); 
recommended unit: 1/(m.year)]. 

The co-ordination wit.hstand voltage is obtained by replacing L, by the line length L, which 
yields an outage raie equal to the acceplable failure rate R.: 

and the co-ordination lightning impulse wilhstand voltage is equal to: 

where 

A L Ucw =Upl +--- ­n Lsp +La 

Ucw is the co-ordination lightning impulse withstand voltage; 
L0 is the overhead line section with outage rate equal to acceptable failure rate; 
R, is the acceptable failure rata ror equipment. 

(F.18) 

(F.19) 

For transmission lines, the factors A are obtained from table F.2 and the corona damping 
constants Kco from table F .1. For distribution systems, lightning overvoltages are usually 
multiphase and curren! sharing of the phase conductors has to be considerad, 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 
practica. 
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GIS are, in general, better protected than open-air substatlons owlng to a surge lmpedance 
much lower than thal of the overhead fines, A generally valld recommendallon for the 
estimalion of the amelloratlon oblalned for GIS as comparad to open-air substatlons cannol be 
made. However, the use of the equation (F.19) for the open-alr subslation resulls in 
conservativa estimates of !he co-ordinalion lightnlng Impulse withstand voltage or of !he 
protectlve ranga and a reductlon of the rallo Aln lo half lhe value used for oUldoor stations is 
slill suitable. 

Table F.2 - Factor A for varlous overhead llnes 
( applicable In equalions (F. 17) and (F. 19)) 

Type of line A 
(kV) 

Dlstrlbutlon llnes (phase-phase nashovers): 

- with earlhed crossarms (flashover to eerth at low vollage) 900 

- wood-pole Unes (fleshover to earth at hlgh voltage) 2700 

Transmlsslon Unes (slngte-phase flashover to earth) 

- single conductor 4500 

- double conductor bundle 7000 

- four conductor bundle 11000 

- slx and elght conductor bundle 17000 

F.5 Assumed maxlmum value of the representatlve llghtnlng overvoltage 

For new slations, where lightning insulatlon performance of exisling slalions is known, the 
assumed maximum value of the represenlalive overvollage may be eslimated by: 

where 

u,. is lhe assumed maximum represenlative overvoltage; 

u., is !he lightning impulse proteclive leve! of the surge arrestar; 

n is the mlnimum number of ln-servlce overhead lines connected lo the stallon; 

L = 0, + 02 + 0, + 04 (see figure 3), 

(F.20) 

The index 1 refers to the situation for which service experience has been satlsfactory, and the 
index 2 lo !he new stalion silualion. 

Allernalively, lhe assumed maxlmum value can be obtained by assuming lhe return rate in 
equation (F.16) equal to zero thus leading to L, = O, and: 

(F.21) 
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Annex G 
(informative) 

Calculation of air gap breakdown strength 
from experimental data 

The intenl of lhis annex Is no! to provide !he apparatus committees with a method to calculate 
air clearances. The purpose is ralher to provlde help lo lhe user lo estimate lhe size of 
equipment and the dielectric strenglh of alr gaps for lhe purpose of determinlng the 
almospherlc correction factor. 

11 must be noled that the formulae provided here are based on experimental data and for the 
purposes of insulalion co-ordlnalion. For distances greater lhan 1 m they can be assumed to 
give an approximate fil to these experimental results. 

The user who is tempted to use these formulae to verify !he mínimum clearances glven in 
annex A or to justify a deviation from those values glven in annex A shoutd do so wilh caution. 
The values given in annex A do nol correspond to U00 but to withstand conditions and embody 
addllional considerations including feasibility, economy, experience and environmental 
conditions (pollulion, rain, insects, etc.). 

Discrepancias may be parlicularly significan! for distances less lhan 1 m where the accuracy of 
!he given form ulae 'Is questionable. 

G.1 lnsulatlon response to power-frequency vollages 

For air ga·p breakdown under power-frequency vollage, lhe towest wilhstand voltage is obtained 
for the rod-plane gap configuration. The 50 % breakdown voltage for a rod-plane gap may be 
approxlmated by lhe following equation, for air gaps dup lo 3 m: 

UsoRP = 750 ✓2 In (1+0,55 d1 '2) (kV eres!, m) (G.1) 

The peak value of ¼oRP under power-frequency vollage is about 20-30 % higher than lhe 
correspondlng value under positiva swltchlng Impulse al critica! fronl lime. Wlthstand can be 
taken to be 90 % of U,0, basad on an assumed conventlonal devlatlon of 3 % of u,0. 

The influence of gap configurallon on the slrength is generally lower under power-frequency 
!han under switching Impulse: 

- it Is quite small for gaps up to about 1 m clearance; 

- for gaps largar lhan 2 m, the strength can be evaluated according to the following 
equation (applicable lo dry conditions): · 

Uso = U,oRP (1,35 K -0,35 K2) (G.2) 

where K Is the gap factor (determinad from switching impulse tests) as shown in table G.1; 

- for gaps between 1 m and 2 m, formula (G.1) can be used wilh lhe knowledge lhat the
resulls will be conservativa. 

When lnsulators are presenl, the flashover vollage can substantlally decrease wllh respecl to 
!he reference case (the sama air gap without insulators), especially in conditions of high 
humidlty. 
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In general, discharges under power-frequency voltage and normal operating conditlons and 
under temporary overvoltages will be causad by exceptlonal reductions in insulation wlthsland 
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_ presentlng the 
lowest strength. However, rain can reduce the externa! 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 
conditlons may in fact dictate the externa! insulation design. Comparalive insulatlon 
contamination levels can be simulated by the equivalen! salt deposit density (ESDD) in grams 
per square metre of NaCI. ESDD relates the steady-state conductivity of dissolved contaminan! 
to an equivalen! amount of dissolved NaCI. The determlnation of the ESDD requires an 
analysis of either performance of exlsting insulation in the area or statistical data gathered from 
on-site investigations. 

Analysis of existing performance may be the more desirable but may not provlde sufficient 
information if existing insulation never suffers pollution flashovers. 

Analysis of statistical data requires severa! years of on-site monitoring as data is gathered by 
direct measurement of ESDO from washdown of exposed insulators or by other mett-:ods, e.g. 
leakage curren! measurement, chemical analysis or conductivity measurements. 

NOTE - The applicability of the concept of ESDD to non-ceramic lnsuletors is not cleer. The present research 
indicates that the phenomenon of surface hydrophobicity may be more importan!. 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 guida for estlmation of the insulation response at power-frequency 
voltages. 

G.2 lnsulatlon response to slow-front overvoltages 

Under stress from slow-front surges, a given self-restoring insulation exhibits an appreciably 
lower withsland voltage lhan under fasl-front surges of the same polarity. As a result of 
numerous switching impulse tests, air gaps can be characterized by !he mínimum strength 
observed for the critica! time-to-eres!, as a function of the geometrical characteristics of the air 
gap which are mainly the gap spacing d and the electrode configuralion. Among the difieren! 
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 lo 25 m, experimental data for positive-polarity 
critical-front-time strength can be reasonably approximated by (11]: 

U,oRP = 1080 In (0,46 d + 1) (kV eres!, m) (G.3) 

For standard switching impulses, the following formula provides a belter approximation (12}: 

UsoRP = 500 d 0·6 (kV cresl, m) (G.4) 

Formulas (G.3) and (G.4) are applicable to sea-level (H = O). Therefore, correclion for altitude 
is required (according to 4.2.2) when applying the insulation co-ordination procedure. 
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lnsulators In the alr gap generally decrease lhe breakdown slrength, for positive slow-front 
impulses. For dry cap and pin insulators, the influence is small but can be importan! for post 
insulators. 

For other gap configurations, a gap factor as described in table G.1 is applied as follows: 

U,o = K UsoRP (G.5) 

Note thal for K � 1,45, lhe breakdown voltage under negative polarity may become lower !han 
that for positiva polarity. 

For phase-to-phase configuralions, a similar gap factor may be applied. In thls case however, 
!he gap factor is influenced nol only by lhe gap configuration, but also by the ratio a deflned as 
lhe peak negativa componen! 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 
anda= 0,33. 

NOTE - For any given gap configuration, actual gap factors can onfy be determinad accurately by testing. 

G.3 lnsulatlon 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 positiva polarity stress. Furthermore, the gap 
strenglh when plotted against the gap clearance is non-linear with negative polarity while it Is 
linear with positiva polarity. For standard lightning impulses applied to rod-plane gaps from 1 m 
up to 1 O m, lhe experimental data for positiva polarity strength may be approximated by: 

U,oRP = 530 d (kV crest, m) (G.6) 

In general, the gap factors applicable to switching impulse are not directly useable for lightning 
impulse strength. However, experimental results have shown that for positiva polarity the 
breakdown gradient for a general air gap in per unit of the breakdown gradient for a rod-plane 
gap increases linearly with swilching impulse gap factor for positiva impulse stress. The gap 

factor Kii for fast-front lighlning impulses of positive polarity can be approximated in terms of 

!he switching impulse ·gap factor as follows: 

Kri = 0,74 + 0,26 K (G.7) 

For the purpose of estimating the breakdown strength of overhead line insulator strings for 
negativa polarity, in arder to determine the magnitude of surges impinging on a substation, the 
following formula may be used: 

U5o = 700 d (kV eres!, m) (G.8) 

The formulas (G.6) and (G.8) are applicable to sea-level (H = O). 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 
!he insulators on !he strength Is negligible so that the slrength of these configurations is clase 
to that of air gaps. 
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For other unusual configurations and particularly when large clearances are lnvolved (like in 
range 11), specific testing is advised for accurate results. For these conflguratlons, the 
presence of insulators between !he electrodes can play an importan! role on the dlscharge 
process, thus also heavily affecting the value of Uso , The degree of influence depends on 
insulator type (capacitance between units, distance between metal parts along !he insulator 
set). A lower influence is to be expected for insulators with few metal parls (e.g. post 
lnsulators, 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. lt can be stated however that !he influence of cap and pin insulators is reduced when !he 
stress on the first insulator al both extremities of !he string is reduced using shielding rings. lt 
is also reduced for more practica! configuralions with lnsulators al bolh extremities less 
stressed than in !he case of rod-plane gaps. 

For air gaps, the conventional deviation is about 3 'lo of Uso under positiva impulses and about 
5 'lo of U50 under negativa impulses. When insulators are present, !he conventional deviation is 
increased reaching a maximum of 5 'lo to 9 'lo in conneclion with cases presenting the largesl 
reduction of U50 • In other cases, a value close to that of air gaps is applicable. 

The influence of rain on a flashover voltage is generalty secondary, both in the case of air gaps 
and insulator strings. 

For fasl-front overvoltages. !he time-to-breakdown is markedly influenced by lhe amplitude of 
lhe applied impulse relative lo the breakdown voltage. For impulses close to lhe value of U,o. 
flashover occurs on the tail of !he standard impulse. As amplitude is increased, time to 
flashover decreases giving rise lo the well-known volt-time curve. 
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Tableau G.1 - Typlcal gap factors K for swltchlng Impulse breakdown 
phase-to-earth (accordlng to (1) and (4]) 

Paremeters Typlcal range Reference value 

K 1,36 1,58 1,45 

º2 1 º1 2 1,5 

Ht/D1 3,34 10 6 

Ht 

Conductor - Crossarm't, 
SID1 0, 167 • 0,2 0,2 

K 1,22 1,32 1,25 

HVD 8 6,7 6 

!HI S/D 0,4 0,1 0,2 
Conductor - Wlndow 1 

K 1, 18 1,35 1, 15 1,47 
Conductor-Plana Conductor-Red 

H'I/Ht 0,75 0,75 o 0,909 

H'IID o 10 

S/D 1,4 0,05 o 

.,,j(�' 
K 1,28 1,63 1,45 

HIID 10 6 

SID 0,1 0,2 

K 1,03 1,68 1,35 

H'I/Ht 0,2 0,9 

/, 

D1 IHI 0,1 0,8 0,5 
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Table G.2 - Gap factors for typlcal phase-to-phaS& geometrles 

Conffguratlon a• 0,5 a= 0,33 

Ring-rlng or lerge smoolh eleclrodes 1,80 1,70 

Crossed conductors 1,65 1,53 

Rod-rod or conductor-conductor (elong the span) 1,62 1,52 

Supporled busbars (fiUlngs) 1,50 1,4·0 

A.symmelrlcal geometrles 1,45 1,36 

NOTE - Accordlng lo (1J end (4J. 
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Annex H 
(informative) 

Examples of insulation co-ordination procedure 

The lnsulallon co-ordlnation procedure includes determining the voltage stresses from all 
origins on equipment and the correspondlng electrlc strength requlred based on acceptable 
marglns of protectlon or acceptable levels of performance. These margins (or levels) are 
mostly emplrlcal. 

As described in figure 1 of IEC 71-1, there are in fact tour main steps in this insulation co­
ordination procedure, whlch can be ldentifled as follows: 

- step 1: determination of the representativa overvoltages ( U
,¡,

); 

- step 2: delermination of lhe co-ordination withsland voltages ( Ucw); 

- slep 3: delermlnallon of the required withsland voltages ( Urw); 

- step 4: determination of the standard withsland voltages ( Uw)-

These main steps, wilh associaled links connecting them, will be illustrated in sorne examples 
contained in thls annex. Not only wlll the required standard withstand voltages be determinad 
bul also lhe calculation relatad to phase-to-ground and phase-lo-phase clearances will be 
llluslrated, as applicable. 

The represenlallve overvoltages are not, slrictly speaking, the overvoltages that occur in the 
system but are overvoltages lhat represen! lhe same eleclric stress on the equipment as lhe 
actual overvoltages. Thus, if the assumed actual overvoltage has a shape different from lhe 
test shape, lhe representativa overvoltage may have to be modified accordingly so that lhe 
tests truly verlfy the lnsulation strength. 

In matchlng the voltage stresses wlth the electric strength, one has lo take into account lhe 
varlous types of voltage stresses and the corresponding response of the insulalion. This 
lnvolves making a distinclion between self-resloring (externa!) insulation and non-self-resloring 
(interna!) insulation. f'or non-self-restorlng lnsulation, the stress-strength co-ordination is made 
using determinlslic melhodology whereas for self-resloring insulation a stalislical methodology 
can be usad where this is convenlent. The following examples attempt to present ali these 
considerations. 

H.1 Numerlcal example for a system In range 1 (with nominal voltage of 230 kV) 

The system analysed corresponds lo lhal shown In figure 11. The process of insulation co­
ordination is applled to slalion 1 assumed to be a new station. 

For equipmenl In range 1, IEC 71-1 specifies shorl-duration power-frequency and llghtning 
Impulse wlthstand vollages. 

The evaluallon of lhe requlred slow-front (swllchlng) wlthstand voltages Is followed by lhelr 
converslon lnto equivalen! power-frequency and fast-front (lightning) withstand voltages. This 
example includes such a conversion procedure. 

For normal syslems in ranga 1, the insulalion co-ordinalion procedure leads to the general 
philosophy of specifying one standard lnsulation leve! (a set of standard wilhsland voltages) 
applicable phase-to-phase and phase-lo-earth. 

This Is illustrated In lhe first parl of lhe example where no "abnormal" operaling condilion is 
considerad. 
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However, as a second part of lhe example, to show !he importance of considerlng stresses 
from ali origins and their lnfluence on this general phliosophy, such special operating 
condilions (consisting of capacitar swllching al stalion 2) are considerad. 

In the third part of this example, flow charts summarize intermediate and final resutts obtained 
along the different steps of the insulalion co-ordination procedure. 

Far the purpose of this example, one wili assume the foliowing basic data: 

- the highest system voltage is U, = 245 kV; 

- \he pollulion leve! is heavy (refer to table 1 ); 
- the allitude is H = 1000 m.

H.1.1 Part 1: no special operating conditions 

H. 1. 1. 1 Step 1: determlnation of the representatlve overvoltages -values of U,p 

H. 1. 1. 1.1 Power-frequency voltage 

For the insulalion co-ordination procedure, the most importan! reference vollage is the 
maximum conlinuous operaling vollage U,. For the system analysed, while the nominal vollage 
is 230 kV, the value of U, is confirmad to be 245 kV (r.m.s., phase-to-phase). The system, 
including compensalion, is designed lo operate al or below this limil. Obviously, the lnstalied 
equipment should have a Um equal lo or grealer !han U,. 

The new station 1 is to be located adjacenl to a major thoroughfare where sal!, spread on the 
road in winter, can be expected to lead to heavy poliulion. Because of this environment, the 
performance requirements of externa! insulalion al power-frequency will be met by specifying 
an artificial pollution test corresponding to pollulion level 111 of table 1. Accordirig to the same 
table, the minimum creepage distance recommended for lnsulators is 25 mm/kV.· 

H.1. 1.1.2 Temporary overvoltages 

One source of temporary overvoltages is earth faulls (refer lo 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 lo be k = 1,5 (such a figure 
is just far the purpose of the example; in fact, a value of 1,5 is rather unusual al a voltage level 
of 230 kV where a value no! greater lhan 1,3 is normally expected). The corresponding phase­
lo-earlh representative overvoltage is U,, = 212 kV. 

Another source of temporary overvoltages is load rejection (refer to 2.3.2.2) which produces 
overvoltages affecling both phase-to-phase and phase-to-earth insulalion. Analysis and system 
studies have shown lhat generator overspeed and regulation combine to produce overvollages 
of 1,4 p.u. al station 1 (which Is also rather high) which results in phase-to-earth and phase-lo­
phase representativa overvollages 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 
overvollage amplitudes. In lhis example, such a combinalion does no! occur because alter load 
rejection, the system configuration has changed: circuit-breakers al station 1 have opened, 
externa! infeeds are gane, and the earth-fault factor (k) al station 1 has been reduced below 1 
(with lhe delta/grounded Y generator step-up transformar). 
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The representativa temporary overvoltages are the highest obtained considering ali possible 
sources: 

- phase-to-earth: u,,= 212 kV; 

- phase-to-phase: u,, = 343 kV. 

H .1. 1.1.3 5/ow-front overvollages 

System studies have confirmad lhat slow-front overvoltages from remole lightning strokes 
(refer to 2.3.3.5) are no! a problem in !he system under consideration. On the other hand, slow­
front overvoltages due to earth faulls need to be considered only in systems with resonant 
neutral earthing (refer to 2.3.3.2) which is not the case in this exampte. 

For the determination of the representativa overvollages, lt may be necessary to distinguish 
between equipment al !he line entrence which can be in !he open-end condilion during 
energization or re-energization at remole end (slalion 1 ), and equipment on the source side at 
!he local end (station 2) which will be affected in a different way and by different stresses. 

Particular surges affectlng //ne entrance equ/pment (al statlon 1) 

Syslem studles using !he phase-peak method (refer lo annex D) have shown that line re­
energization from station 2 can result in 2 % overvoltages al the open-end line entrence at 
station 1 al u02 = 3,0 p.u. and u,2 = 4,5 p.u. The representative overvoltages far externa! line 
entrance equipment, befare applying surge arresters, are lhe truncation values of these 
overvoltage distributions. As shown in annex D: 

- u., = 1,25 u., - 0,25 

- Up1 = 1,25 U,2 • 0,43 

u., = 700 kV; 

u,, = 1039 kV. 

Surge affecl!ng ali equlpmenl (al station 1) 

AII !he equipment located in station 1 is subjected to slow-front overvollages due to local line 
energizalion and re-energization. However, these sending end surges are much lower lhan al 
!he receiving end: far station 1, system studies result in u02 = 1,9 p.u. and up2 = 2,9 p.u. 
Corresponding values are U., = 425 kV and U,, = 639 kV. 

Surge arreslers at the //ne enlrance (at station 1) 

To control !he possible severe overvoltages originating from remole re-energization, metal­
oxide surge arresters are lnstalled al the line entrance (refer to 2.3.3.7), identical to those 
planned for transformar protection. The rating of these arresters is such that they can sustain 
the worst temporary overvollage cycle (amplilude and duralion). Their proteclion characteristics 
are: 

- switching impulse proteclive leve 1: u,, = 41 O kV; 

lightning impulse protective level: u,, = 500 kV. 

As explalned in 2·.3.3. 7, wilh the use of surge arresters the slow-front representativa 
overvollages can be directly given by u,, (phase-to-earlh) or 2 u,, (phase-to-phase) if lhese 
proteclion values are lower !han !he corresponding maximum slow-front overvollage stresses 
(U., and u,, values). This is !he case for any stress except for line entrance equipment, phase­
to-phase, so thal !he representativa slow-front overvollages are: 

- phase-to-earth: U,, = 410 kV for any equipment: 
- phase-to-phase: 

U,, = 639 kV for any equipment except al line entrence; 

U,, = 820 kV far equipment al line enlrance. 
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H.1.1.1.4 Fast-fronl overvollages 

In this example, only fast-front overvoltages from lightning have to be considerad. A simplified 
slatistical approach will be used which leads directly to the co-ordlnalion withstand voltage 
(step 2 below), bypassing the need for a representative overvoltage. 

H .1.1.2 Slep 2: delermlnallon of lhe co-ordlnatlon w/lhstand voltages -values of Ucw 

According to clause 3 of the guide, different factors have to be applied lo the previously 
delermined values of representalive 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 lnaccurecies in the input 
data (e.g. arrester data). 

H.1.1.2.1 Temporary overvo/lages 

For this class of overvoltages, the co-ordination withsland 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: Ucw = 212 kV; 

- phase-to-phase: Ucw = 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 arrestar distorts the statistical distribution of these surges, creating a 
significan! bulge in the probability distribution of surges at about the arrester protective level 
(refer to 3.3.2.1 ). Therefore, small uncertaintles related to the arrestar protective characteristic 
or to equipment strength could lead lo an abnormally high lncrease in the failure rata. Figure 4 
takes this into account by applying a deterministic co-ordination factor K,,, to the arrestar 
protective level to obtain the Ucw values. 

For line entrance equipment: 

- phase-to-earth: 

- phase-to-phase: 

For ali other equipment: 

- phase-to-earth: 

- phase-to-phase: 

u.Ju., = 4101600 

2 u.,/U., = 5201900 

u.Ju., = 4101380 

2 u.,,u., = 8201580 

= 0,68 

= 0,91 

= 1,08 

= 1,41 

The resulting co-ordination withstand voltages are K,, x U,p: 

For líne entrance equipment: 

- phase-to-earth: Ucw
= 1,1 x410 

- phase-to-phase: Ucw = 1,0 x 820 

For ali olher equipmenl: 

phase-to-earth: U,w = 1,03 X 410 

- phase-to-phase: U,w = 1,0 X 639 

=> Ke. = 1,10; 

=> Ke. = 1,00. 

=> K,• = 1,03; 

=> K,• = 1,00. 

=> Ucw = 451 kV; 

=> Ucw = 820 kV. 

=> Ucw = 422 kV; 

=> Ucw = 639 kV. 
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H.1.1.2.3 Fast-front overvo/tages 

A statistical approach is used (refer to 3.3.3.2), and more specifically, a simplified statislical 
approach (refer to F.4). Here, lhe factor to be applied to u,. is based on experience with 
particular line conslruction and on the calculaled effecl due to the separation between the 
arrestar and the protected equipmenL 

One determines the length L, of overhead line with an oulage rale equal to the acceptable 
failure rate R,. Then, taking accounl of the separation distance L, the number of lines n 
entering the station, and lhe span lenglh L,p ,one calculales lhe effective protective level of the 
arrestar, which is the desired value U,w· 

For this example; !he following data are available: many arresters with a lighlning protective 
level of 500 kV are localed al differenl places (al line enlrance and near the lransformers). The 
maximum separation distance for interna! insulation is 30 m; for externa! insulation, it is 60 m. 
Two steel tower lines characterized by A = 4500 {refer to lable 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 1 in 400 years. 

Using equation {F.18), !he value of L, = 0,25 km is found. lntroducing the value of L, and other 
parameters in equalion (F.19) lhe co-ordination withstand voltage is found: 

- for interna! insulation: 

• U,w = 500 +[ (4500 / 2) X 30 / (300+250)) => U,w = 622 kV; 

- for externa! insulation: 

U,w = 500 +[ (4500 / 2) x 60 / (300+250)] => U,w = 745 kV. 

Fast-front overvollages affect the phase-to-phase and the phase-to-earth insulations in !he 
sama way. 

H.1.1.3 Step 3: determinalíon of the required withstand vollages -values of U= 

The required wlthstand voltages are obtained by applying to the co-ordinalion withstand 
voila ges two correction factors {refer to clause 4 ): factor K, which takes into account the 
altitud e of the installation, and a safety factor K,. 

H.1.1.3.1 Safety factor 

The recommended values for the safely 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 Interna! insulation: K, = 1, 15; 

- for externa! insulation: K, = 1,05. 

H.1.1.3.2 Atmospherlc correct/on factor 

The altitud e correction factor K, is defined in 4.2.2 (equation (11 )). The factor K, is applicable 
to externa! insulation only and its value depends on the overvoltage shape (via parameter m in 
equation (11 )). 

For power-frequency withstand, shorl-duration lesls on polluted insulators are required and: 

=> m= 0,5. 
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Far swilching Impulse withsland, the value of m is a funcllon of lhe co-ordlnallon wilhsland 
vollage according to figure 9: 

- phase-lo-earth: u • .,, = 451 kV => m = 0,94; 

- phase-to-phase: Ucw = 820 kV => m = 1,00. 

Far lightning impulse wilhstand: => m= 1,00. 

The installation is al an altitude H = 1000 m. The corresponding values of Ka are: 

far power-frequency withsland: K. = 1,063 (phase-to-phase and phase-to-earth); 

far switching impulse withstand: K0 = 1,122 (phase-to-earth), 
K. = 1, 130 (phase-to-phase ); 

- far llghtnlng impulse withstand: K, = 1,130 (phase-to-phase and phase-to-earth). 

H.1.1.3.3 Rsqulrsd withstand voltages 

The values far the required withstand voltages are obtained from: U,w = U..,, K, K., wilh Uew 

values found in step 2 and K, and K. values found in step 3. 

Far temporary overvoltages: 

externa! insulalion: 

. phase-to-earth => 

. phase-to-phase => 

- interna! insulalion: 

phase-to-earth => 

phase-to-phase => 

For slow-front overvoltages: 

F or line en trance equipment 
- externa! insulallon: 

phase-to-earth => 

phase-to-phase => 

Far other equipment 

externa! insulallon: 

. phase-to-earth => 

. phase-to-phase => 

- interna! lnsulalion: 

phase-to-earth => 

phase-to-earth => 

For fast-front overvoltages: 

externa! insulation: 

phase-to-earth => 

phase-to-phase => 

- interna! insulalion: 

phase-to-earth => 

phase-to-phase => 

U,.,
= 212 X 1,05 X 1,063 => U,.,

= 237 kV, 

U,.,
= 343 X 1,05 X 1,063 => Urw = 383 kV; 

Urw = 212 x 1,15 => Urw = 243 kV, 

Urw = 343 X 1,15 => Urw = 395 kV. 

Urw = 451 X 1,05 X 1,122 => U,,,,
= 531 kV, 

Urw = 820 X 1,05 X 1,13 => U,,,,
= 973 kV. 

U,w = 422 X 1,05 X 1,122 => U,.,,
= 497 kV, 

U,.,,
= 639 X 1,05 X 1,13 => Urw = 758 kV. 

Urw = 422 x 1, 15 => U,.,,
= 485 kV, 

Urw = 639 X 1, 15 => Urw = 735 kV. 

U,.,,
= 745 X 1,05 X 1,13 => U,.,,

= 884 kV, 

U,w = 7 45 x 1,05 x 1, 13 => Urw = 884 kV. 

Urw = 622 X 1,15 => U,,,
= 715 kV, 

Urw = 622 x 1,15 => Urw = 7.15 kV. 
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H.1.1.4 Stsp 4; canvsrslan ta wlthstand valtagss narmal/zsd far ranga I 

In ranga 1, the insulation level is normally described by a sel of two values as shown in table 2 
of IEC 71-1: a short-durallon power-frequency wilhstand voltage and a lightning impulse 
wilhstand voltage. Table 2 gives lhe test conversion factor lo be applled to the required 
withstand vollage far siow-front overvollage to gel such an equivalen! sel of values. 

H.1.1.4.1 Canve;sJan ta shart-duratlan pawer-frsquency wlthstand voltage (SDW) 

Far line entrence equipment: 

- externai insulation: 

phase-to-earth => SDW = 531 x (0,6 + 531 / 8500) 

phase-to-phase => SDW = 973 x (0,6 + 973 / 12 700) 

F or other equipmeni: 

- externa! insulation: 

phase-lo-earlh => SDW = 497 x (0,6 + 497 / 8500) 

phase-to-phase => SDW = 758 x (0,6 + 758/12 700) 

inlernal insulalion: 

phase-to-earth => SDW = 485 x 0,5 

phase-to-phase => SDW = 735 x 0,5 

H.1.1.4.2 Canvsrs/an lo 1/ghfnlng Impulse wlfhsland valtage (LIW) 

Far llne entrance equipment: 

- externa! insulalion: 

phase-to-earlh => LIW = 531 x 1,30 

phase-to-phase => LIW = 973 x (1,05 + 973/9000) 

For olher equipmenl: 

- externa! insulalion: 

phase-to-'earth => LIW = 497 x 1,30 

phase-to-phase => LIW = 758 x (1,05 + 758 / 9000) 

- interna! insulation: 

phase-to-earlh => LIW = 485 x 1,10 

phase-to-phase => LIW = 735 x 1,10 

H .1. 1.5 Step 5; se/ect/an af standard wlthsfand va/fags va/ues 

= 352 kV; 

= 658 kV. 

327 kV; 

500 kV; 

243 kV; 

367 kV . 

= 690 kV; 

= 1127 kV. 

646 kV; 

860 kV; 

534 kV; 

808 kV. 

Table H.1 summarizes values Urwt•> of minlmum raquirad wilhstand vollages obtained from 
system studies (results in step 3) which become minimum test values to be applled to verify 
these wilhslands in lerms of short-duration power-frequency, swllching impulse and lighlning 
impulse tests. In range 1, !he required switching impulse wilhstand voltage Is normally covered 
by a standard short-duration power-frequency test or by a standard lighlning impulse test. 
In table H.1, values obtained afler such conversions are indicated under Urwc•> (results from 
slep 4). In this example, converted values for a lightning impulse test are relained so lhal 
converted values for a short-duralion power-frequency test need no more consideration. 
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Table H.1 - Summary of mlnlmum requlred wlthstand voltages obtalned for 
example H.1.1 (par! 1, without capacitar swltching al remole stalion 
(station 2)) 

Velues of Urw: Externa! insuletion 

- In kV r.m.s for short-duratlon power 
frequency Une Olher 

entrance equlpment Interna! 
- in kV peak for switching or lightnlng lnsulation 
impulse equipmenl 

Urwt•l Urw(c) Urw(s) Urw(c} Urw(•I Urw¡c¡ 

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 - 485 -

impulse phase-phese 973 - 758 - 735 -

Ughlning impulse phase-earth 884 690 884 646 715 534 

phase-phase 884 1127 884 860 715 808 

Standard vollages to be defined for the purpose of !he short-duration power-frequency and 
lightning impulse tests have to be selected taking into account resulls shown in bold characters 
in table H.1 (highest value of mínimum wlthsland required U,w(,) or converted value U,.,¡c)) and 
standard values proposed in IEC 71-1, 4.6 and 4.7 Normally, specified vollages are chosen in 
such a way as to correspond to a standard insulation level as defined in 3.33 oí 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 wilh Um = 245 kV; these 
values will cover any insulation, phase-to-earth and phase-to-phase, except the phase-to­
phase externa! insulation al line entrance for which a 1127 kV mínimum withstand value is 
required. However, in this example, lhree-phase equipment is no! installed at line entrance so 
that a mínimum phase-to-phase clearance can be specified instead of testing. According to 
table A.1, a clearance of 2,35 m belween phases would be required for line entrance 
equipment, corresponding lo a standard lightning impulse wilhstand voltage of 1175 kV. A 
mínimum phase-to-earlh and phase-to-phase clearance of 1,9 m is required for any other 
externa! insulation not located al line entrance. These clearances are solely based on 
insulation co-ordination requirements. 

lt will be noled that, for externa! phase-to-earth insulation, the high value specified for !he 
short-duralion power-frequency test (395 kV) is well above mlnimum requirement relatad to 
temporary overvollages (237 kV). However, a 395 kV value corresponds to the standard 
insulation level having lhe required lightnlng wlthstand level of 950 kV. Refinements in studies 
could lead to lower requirements by one step for the phase-to-earth externa! insulation 
(360 kV/850 kV). 

For the interna! insulalion, lhe selection of the same standard insulation level as for externa! 
insulation could be considered as leading to too much margin with respect to required lightnlng 
withstand voltages (715 kV phase-to-earth and 808 kV phase-to-phase). Other choices, 
considering !he economical issue, are possible (refer to subclause 4.9 of IEC 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 al 850 kV. However, the 
short-duralion power-frequency test al a mínimum value of 395 kV must be kepl. Even if 
acceptable, the final issue relaled to these olher choices would lead to a rated lhsulatlon level 
not corresponding to a standard insulation level as defined in IEC 71-1. 
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H .1.2 Part 2: lnfluence of capacitar sw/tching at statlon 2 

This second par! of !he example H.1 deals with an additional slow-front overvoltage possibility 
originatlng from capacito, bank switching done al station 2 (remole stalion). AII the other 
stresses considered in par! 1 are present al their same values, with !he same arrester 
implementation al station 1. 

Results from system studies show lhat ali equipmenl al station 1 (including line entrance 
equipment in normal. operating closed condition) Is subjecled to severe voltage surges due to 
capacilor bank energization al slalion 2. These surges propagate and, due to amplificalion 
phenomenon (resonance al given frequencies), show the following maximum amplitudes al 
station 1: 

- phase-to-earth: 

u., = 500 kV; 

U., = 575 kV; 

- phase-to-phase: 

U02 = 750 kV; 

U
0
, = 852 kV. 

For the open-end line entrance equipment, the highest slow-front surges are !hose related to 
llne re-energization described in par! 1. But for ali other equipment, lhe slow-front surges 
governing !he insulation co-ordination procedure are now related to capacito, bank switching in 
station 2, which are higher !han 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 olher types of stress (temporary and fast-front overvoltages) 
remaining lhe same as discussed in part 1. 

Values of represents1tive slow-front overvollages U,0 are now controlled by the surge arrester 
protecllon characterlstic because U0, < u., and 2 U0, < U01, so that: 

- phase-to-earth: U,
0 

= 41 O kV; 

- phase-to-phase: U,0 = 820 kV. 

To oblain !he slow-front co-ordination withstand voltages Ucw, a deterministic co-ordination 
factor Kcd is applied to U,0 values by following !he same procedure described in par! 1: 

- phase-to-earth: U0,I u., =410/500 = 0,62 => Kcd = 1, 10 => Ucw 
= 451 kV; 

- phase-to-phase: 2 U0,I U02 =820/750 =1,09 => i<c,J =1,00 => Ucw = 820 kV. 

The values for the safety factor K, and for the atmospheric correclion factor K. keep 
approximately lhe same values as In par! 1 so that !he resulling requlred withstand voltages U,w 

are: 

externa! insulation: 

. phase-to-earth => U,w = 451 x 1,05 x 1,122 => U,,.
= 531 kV; 

phase-to-phase => U,,.
= 820 x 1,05 x 1,13 => U,,.

= 973 kV; 

- interna! insulation: 

phase-to-earth => U,,.
= 451x1,15 => U,w = 518 kV; 

phase-to-phase => U,w = 820 X 1,15 => U,w = 943 kV. 



71-2 © IEC: 1996 -217-

The requfred wilhsland voflages far slow-front surges are converted into short-duration power­
frequency and lightning impulse wlthstand voltages (retar to part 1 far delailed lnfarmalion). 

Conversion to short-duralion power-frequency wilhstand voltage (SDW): 

- externa! insulatlon: 

phase-to-earlh ⇒ SDW = 531 x (0,6 + 531 / 8500) = 352 kV; 

phase-to-phase ⇒ SDW = 973 x (0,6 + 973 / 12 700) = 658 kV; 

- Interna! fnsulalion: 

phase-to-earth ⇒ SDW = 518 x 0,5 = 259 kV; 

phase-lo-phasa ⇒ SDW = 943 x 0,5 = 472 kV. 

Converslon lo lightning impulse wllhstand voltage (LIW); 

-

-

externa! insufalion: 

phase-to-earth ⇒ LIW = 531 x 1,30 = 690 kV; 

phase-to-phase ⇒ LIW = 973 x (1,05 + 973 / 9000) = 1127 kV; 

infernal insulalion: 

phase-lo-earth ⇒ LIW = 518 x 1,10 = 570 kV; 

phase-to-phase ⇒ LIW = 943 x 1,10 = 1037 kV. 

Table H.2: Summary of requlred wlthstand voltages obtalned for example H.1.2 
(part 2, with capacitor swilching al remole statlon (statlon 2)) 

Vatues or Urw are: Externa! insuleUon 

- In kV rms for short•duratlon power Interna! 
frequency Une entrence Other lnsulatlon 

- in kV peak fo, switching or llghtnfng 
equlpment equipmant 

impulse 

Urw(•) Urw(c} Urw(I) u�(,i Urw(•l Urw(c} 

Short--duration phase-earth 237 352 237 352 243 259 

power-frequency phase-phase 383 658 383 658 395 472 

Swltchlng Impulse phase--earth 531 - 531 - 518 -

phase-phase 973 - 973 - 943 -

Lightning impulse pha&e-earth 884 690 884 690 715 570 

phase-phese 884 1127 884 1127 715 1037 

Table H.2 reflecls the mínimum withsland (ar test) values requlred to take into account lhe 
differenl overvollage stresses relaled to part 2 of example H.1. Mínimum values requlred far 
lhe 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-fronl overvoltages 
due to capacilor swilching al stalion 2, mainly on phase-lo-phase swilching impulse 
requirements and on the resuiling equivalen! mínimum tesling values. 
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Far externa! lnsulatlon, including longltudinal insulation, the same standard lnsulation level 
defined In par! 1 (395 kV/950 kV) is also applicable here, no phase-to-phase test being 
requlred if a 2,35 m phase-lo-phase ciearance (corresponding to a standard lightning impulse 
withstand voltage of 1175 kV) is adoptad far ali externa! equipment (not only al line entrance as 
for part 1). 

Far !he Infernal lnsulallon, a standard insulation level applicable phase-to-phase and phase-to­
earth of 460 kV / 1050 kV, corresponding to Um = 245 kV, can be chosen (refer to table 2 of 

IEC 71-1). This corresponds to one standard lnsulation leve! higher than in part 1 of this 
example, and is due to the switching of a capacitar al the remole station. Lower, phase-to­
earth insuialion levels, as discussed in part 1, could be retalned but In any case a special 
phase-to-phase test al 1050 kV would be required. 

H. 1.3 F/ow charts relatad to exsmple H. 1 

The fallowing flow charts summarize the insulation co-ordinalion procedure and the results 
obtained along the dlfferenl steps. The flow charts include results obtained without (part 1) ar 
with (par! 2) capacitar switching al station 2. 

lt should be notad that lhis example does not consider any means of miligation to reduce the 
severe slow-front overvoltage surges from capacitar switching. As mentioned in 2.3.3.6, such 
measures couid be considerad, such as !he use of closing resistors al lhe remole stalion, lo 
obtain a substantial reduclion of slow-fronl stresses with a consequent reduction of withstand 
levels to be selected. This implies the necessity far addilional system studies taking into 
account the presence of the means of mitigation and, on the basis of the new representalive 
stresses faund, to restar! !he insulation co-ordinatlon procedure. Far the particular example 
discussed here, lhis would lead to a reduction of sorne of the requirements obtained (inscrlbed 
under step 5 of the flow chart), such as the phase-to-phase lightning impulse withstand vollage 
far infernal insulation and the phase-to-phase clearance far externa! insulation. 
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1,0 p.u = 200 kV (erest) 

u,. (p-e) • 212 kV 

Loed rejectlon Max. overvoUage = 1,4 p.u. 
U,, (p-e) = 198 kV 

U,. (p-e) = 343 kV 

Resultlng representativa overvoltages 
Phase-to-earth : U,, (p-e) = 212 kV Phase-lo-phase: u,, (p-p) = 343 kV 

Overvollages orlglnellng from station 1 

Energlzetlon and re-energlzetion 

u.,= 2, 12 p.u. 
Upt = 3,19 p.U. 

Arresters at llne entrance and near transformers: Up, = 410 kV, Up, = 500 kV 

For llne entrance equlpment 

Wlth or wlthout capacitar switching 
Uet > Up, Upt > 2 Ups 

Phase-to-aarlh: Urp 
= U.,_ = 410 kV 

Phase-to phase : Urp = 2 U
p, = 820 kV 

For other equlpment 

Capacltor swUchlng at statlon 2 

No 

U,, (p-e) = 410 kV 
u,. (p-p) = 839 kV 

Yes 
U,, (p-e) = 410 kV 
U,, (p-p) = 820 kV 

Evafuatod In step 2 
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U" = Ke4XUrp 

Ucw = 820 kV 

•j From re-eríérgtzatfon at statl(?il 2. 
b From ��paéllor �wilching at st_alion �:· 

Arrestar llghtnlng protectlon level : Up, = 500 kV 
Max. separatíon from Internar lnsulatfon : L = 30 m 
Max. separatlon from e)Cfernal lnsulatlon: L � 60 m 

Retalned values : 
1) 1(,, = 1,10 
2) K,. = 1,03 

1) U"" = 451 kV 
2) U.,, = 422 kV 

1) K,, = 1,00 
2) K.., = 1,00 

1JU .. =820kV 
2) U= = 639 kV 

1¡ Wlth eapaellor swllehing al stalion 2. ·. •· 
2 Wíthout cap_e�ilor swftching et station 2-.; 

Slmpllfied statistical method used 

Parameter «A» 
Span length : 
Outege rata 
Acceptable fallure rate : 

A= 4500 
Lsp = 300 m 
1/100 km. yoar 
1/400 yoars 

Interne! lnsulatlon : 
Externa! lnsulatlon : 

U,.
= 622 kV 

Ucw = 745 kV 
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Ka= 1,063 

Temporary overvoltege wllhstand 

Phese-to-earth 

Interna! Interne! 
insulatlon insulation 
243 kV 395 kV 

Externa/ Externa! 
insulation lnsulation 

237 kV 383 kV 

-225-

K, • 1,122 

Llne 
entrance 

equlpmonl 

Exlernal 
lnsulatlon 

531 kV 

Other 
equlpment 

Internar 
lnaulatlon 

1) 518 kV 
2) 485 kV 

Externa! 
lnsulation 

1) 531 kV 
2) 497 kV 

Interna! insulelion: K. = 1,15 

Externa! insulation : K, e 1,05 

Allltude H = 1000 m 

Lightning impulse wlthstand 

m= 1,0 

K. e 1,130 K,=- 1,130 

Interna! insulatlon: u,. = Ucw )( K, 
Externa! lnsula_tlon: U,., = Uc.w x K, ;,r K. 

Lino 
entra1nce 

equlpment 

Externa! 
lnsulatlon 

973 kV 

Other 
equlpment 

lntemal 
lnsulatlon 

1) 943 kV 
2) 735 kV

Externa! 
/nsulal/on 

1) 973 kV 
2) 758 kV

Lightning Impulse wlthstend 

Ph8.!1&-t0-e11rth 

Interna! 
insulation 

715 kV 

Externa! 
insulation 

884 kV 

Internar 
insuletlon 

715 kV 

Externa! 
insulatlon 

884 kV 

1) Wlth c:.apaellor 1.wttcttlng 'a1 &lallon 2, 
2) Wlthout C8pacltor e.wltthlng at Atatlon 2. 
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Convaralon factora 
Externa/ lnsulatlon ; 

Converslon factors 
Externa/ lnsulatlon : 

- phase-to-earth 0,6 + U,./8500 • phase-to-earth 1,3 
- phase-to-phase 0,6 + U,w/12 700 - phese-to-phase 1,05 + Urw/9000 
lnrernsl Jnsulallon : 

- phase-to-earth 
- phase-to-phese 

llne entrance 
equlpment 

Externa( lnsulatlon 
- phase-to-earth 
352 kV 

- phase-to-phese 
658 kV 

Standard lnsulatlon leve! ; 

Externa! insulatlon 
No phase-to-phase tesl requlred 
lf �1earances are: .. ,; _. 
-for Hne,entián°"· �qulpJjí�nt ! '. 
- for ot�et equl¡,menl •= 

1n(���¡rn;y;:�:�jo,( ·�¿: :_;: �-.. _·:··:����-Mlhimurn sta�dard lightnlng ··: 
Impulso level: . . .. 
- phase-to-earth 
.. ohaseMto--óhase : 

0,5 
0,5 

Othor 
equlpment 

External lnsulatlon 
- phase-to-earth 
1) 352 kV 
2) 327 kV 
• phase-to-phase 
1) 658 kV 
2) 500 kV 

Interna! lnsulatlon 
- phase..fo-earth 
1)259kV 
2) 243 kV 
- phase-lo-phase 
1) 472kV 
2) 367 kV 

fntsrnal lnsvlatlon : 

- phase-to-earth 
- phase-to-phase 

Llne entrance 
equfpment 

Extemal lnsulatlon 
- phase-lo-aarth 
890kV 

- phase-to-phase 
1127 kV 

·,¡-:
w�h-�ha�ir�:,_,�tC,,lng 

� s_tatfor, �. \i\" ., -·- -.. 

il �!Woº���pac/lor .swltchlog 

� eapacitor switching 
et remate statlon. 

Refer to eJ<planatlons 
relatad wlth table H.1 

395 �11 (950 icv • · ·.· · 
A¡,pllcable lo á.n9 I.ns.ula.llon 

750 kV 
850 kV 

1,1 
1,1 

othor 
equlpment 

Externa! lnsulatlon 
- phase-to-earth 
1) 690 kV 
2) 646 kV 
- phase-to-phase 
1) 1127 kV 
2) 860 kV 

Interna! lnsulatlon 
- phase-to-earlh 
1) 570 kV 
2) 534 kV 
- phase-to-phase 
1) 1037 kV 
2) 808 kV 

Wl!h capacitor switchlng 
,_ et temote station. 

Refer to explanatlons 
related with table H.2· 

. 
395 kV / 950 kV 

V Externa! lfisiJlation 

460 kV 11050 kV 
lnterrial insulatfon 

,2.�sm 
< 2,351!1, 

750 kV 
1050 kV 
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H.2 Numerlcal example for a system In range 11 (wlth nominal voltage of 735 kV) 

For lhe purpose of this example, one will assume the followlng basic data: 

- the highest system voltage is: U, = 765 kV; 

- the pollution leve! is low to medium (refer to table 1 ); 

- the altitude is: H = 1000 m. 

The altitude leve! is here assumed so as to cover ali possible locations. The pollution leve! 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 11). 

Considerations of tower design such as conductor size and phase-to-phase spacing do no! fall 
into !he category of insulalion co-ordination procedure. Only the phase-to-earth clearance 
results from the insulation co-ordination procedure since it depends on !he slow-front 
overvoltages (in range 11). Lightning consideralions may diclate !he type of overhead ground 
wlres and counterpoise wires but this is generally the result of a separate study based on 
keraunic levels. Thus !he lransmission line design is not usually specified in terms of standard 
insulation levels but rather in terms of tower dimensions. 

H.2.1 Slep 1: determina/ion of lhe representative overvoltages - values of u
,. 

The representativa temporary and slow-front overvoltages are usually determinad from system 
studies (transient network analyser or digital simulation or a comblnation of both). For thls 
example, results from such studies confirmed the following values: 

- temporary overvoltages: u,,= 660 kV (r.m.s., phase-to-earth); 

- slow-front overvoltages: U82 = 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 involving long 
lines radially fed alter a major load rejection. For systems in range lt, lhe two standard 
withstand voltages normally specified are !he lightning and the switching impulse levels. The 
conversion of the required short-duration power-frequency withsland voltage into an equivalen! 
required switching impulse withstand voltage is discussed under step 4 of this example. 

H.2.1.2 Sfow-fronl overvoltages 

The slow-front overvoltage is related to line reclosing and is llmited to about 2,0 p.u. by lhe use 
of closing resistors implemented on llne circuí! breakers. 

The surge arrestar rating is also determined from these same system studies (normally from 
lhe temporary overvoltage characteristics: amplitude and duration) and, for lhe particular case 
of this example, the following protection levels were determined: 

- switching impulse protective leve!: u,, = 1300 kV (peak value); 

- lightning impulse proleclive level: u,, = 1500 kV (peak value). 

H.2.1.3 Fast-fronl overvoltages 

The simplified slatistical method for fast-fronl overvoltages will be used, leading directly to lhe 
co-ordinalion wilhstand voltage. 

In this s!ep and !hose lhal fallow, only lhe phase-to-earth insulalion is considered. Phase-lo­
phase insulation co-ordinalion will be lrealed at !he end of the example as a separale item 
(see H.2.6). 
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H.2.2 St9p 2: delerm/nal/on of the co-ordfnat/on wltl>stand vo/lages - va/ues of Ucw 

The co-ordinalion withsland voltage Is obtained by applying a co-ordination factor (Kc) to the 
represenlative overvoltages, lhis factor being either Kc, far lhe deterministic melhod or Kc, for 
the stalislical method. Thus the determination of the co-ordinalion wlthstand voltages mus! be 
carried out for lnlernal insulation (such as lransformers) and exlernal insulalion separately. 

H.2.2.1 U,w for Interna/ lnsulallon 

In lhls slep, lhe delermination of Ucw for interna! insulation is carried out for power-frequency, 
slow-front and fast-front overvollages. 

H.2.2.1.1 Ucw 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 olher words lhe co-ordination factor Kc = 1. 
Therefore: 

- phase-lo-earlh: U,w = 660 kV. 

H.2.2.1.2 Ucw for s/ow-front overvoftages 

Far equipmenl prolecled by surge arreslers, !he maximum slow-fronl overvoltage (and lhus !he 
slow-front representativa overvoltage) is equal to the switching-lmpulse protective level of the 
surge arrestar, namely 1300 kV. 

Thls value of 1300 kV must be adjusted by lhe co-ordination factor K,, to account for the 
skewing of the slatistical distribution of !he slow-front overvoltages as discussed in 3.3.2.1. 
lt can be seen from figure 4 lhat for a ratio of u,,/ u.2 = 1,08 (1300/1200) the value of K,, 
is 1,03. Hence, lhe co-cordination withsland vol!age for slow-front surges is 1340 kV: 

- representativa slow-front overvoltage: U,0 = 1300 kV; 

- determinislic co-ordinalion factor: Kc, = 1,03 kV; 

- co-ordlnalion withsland voltage: 

H.2.2.1.3 U,w for fast-front overvoftages 

Ucw = 1340 kV. 

For equipmenl protected by surge arresters, the maximum fast-front overvoltage (and thus !he 
fasl-front represenlative overvoltage) is equal to !he iightning-lmpulse protective leve! of the 
surge arrester, namely 1500 kV. 

However, to lhis value of 1500 kV, one must add a vol!age equal to ALl(n (L,, + L.)) according 
lo equalion (F.19) lo lake into accounl the separalion dislance L between the surge arresler 
and the protected equipment, as explained in 2.3.4.5. 

The paramelers are obtained as follows: 

- A: from table F.2 (for an assumed four conductor bundle) Is 11 000; 

- n: the mínimum number of connected overhead lines is assumed equal to two for this example; 

- L: Is equal to a1 + a2 + a3 + a, according to figure 3; is assumed equal lo 40 m for lhis example; 

- L,0: length of !he first line span is assumed equal to 400 m far lhis example; 
- L,: length of overhead line section with flashover rate equal lo the acceptable failure rale. 
11 !he acceptable failure rate is assumed to be 1/(500 year) or 0,002/year and the line 
lighlning flashover rale is 0,15/(100 km.year), then La is 1,3 km. 

Then, the separalion lerm AL/(n(L,p + La)) is 130 kV. 

- Represenlalive fasl-fronl overvol!age: 

- Correclion value for separation: 

- Co-ordinalion withsland vollage: 

U,0 = 1500 kV. 

130 kV. 

U,w = 1630 kV. 



71-2 © IEC: 1996 

H.2.2.2 U.., for externa/ insulation 

-233-

Determination of the co-ordination wilhstand voltage for externa! insulation is carried out for 
slow-front overvoltages using the stalistical method because of lhe nature of the lnsulalion. A 
statislical melhod could also be applied to fasl-fronl overvoltages but this is generally nol 
necessary for voltages in range 11; refer to H.2.2.2.2 below. 

H.2.2.2.1 Ucw for temporary overvo/lages 

These are the sama as for lhe interna! insulalion (H.2.2.1 1 ). 

H.2.2.2.2 Ucw for slow-front overvo/lages 

The value of the slalistical co-ordination factor Kc, comes from choosing a risk of failure of lhe 
insulation that has been proven from experlence lo be acceptable. The relation belween 
the risk of failure R and Kc, is shown In figure 8 and, for a usually acceplable value of R in the 
ranga of 10·•, the value of Kc, is 1,15. Hence the co-ordinallon withstand voltage is 
Ucw = 1200 kV x 1, 15 = 1380 kV: 

stalislical overvoltage: 

statistical co-ordination factor: 

co-ordinalion wilhsland voltage: 

H.2.2.2.3 Ucw for fast-fronl overvoltages 

1200 kV; 

1,15; 

1380 kV. 

The delermination of lhe co-ordinalion wilhstand voltage for fasl-fronl overvoltage is nol 
necessary sinte the lightning impulse wilhsland voltage of lhe mínimum clearances lhal result 
from the switching impulse withsland voltage will be far in excess of those thal should be 
determinad solely by the lightning impulse wilhstand voltage required for lhe non-self-restoring 
insulation. 

This is demonstraled al the end of this example when the queslion of air clearance to ground is 
discussed. 

H.2.3 S/ep 3: determlnation of the requ/red wfthstand voltages -va/ues ofUrw 

The required withstand voltage is obtained by applying a safety factor K, to lhe co-ordination 
wilhsland vollage as explained in 4.3.4. The values of K, are given as: 

- for inlernal insulalion: K, = 1, 15; 

- for externa! insulalion: K, = 1,05. 

For exlernal insulalion, an atmospheric correclion factor K. is also applied (refer lo H.2.3.2 below). 

H.2.3.1 U,w for Interna/ lnsu/at/on 

Ucw for lemporary overvollages: Ucw 660 kV; 

Safety factor: K, 1,15; 

U,w for lemporary overvollages: U,,. 759 kV; 

Ucw for slow-fronl overvollages: Ucw 1340 kV; 
Safety factor: K, 1,15; 

U,,. for slow-fronl overvoltages: U,,. 1540 kV; 

Ucw for fasl-fronl overvoltages: Ucw 1630 kV; 
- Safely faclor: K, 1, 15; 

U,w for fast-fronl overvollages: u
,,. 1875 kV. 
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For power-frequency we will determine lhe atmospheric correclion factor assuming we require 
a shorl-duralion power-frequency test on polluled insulators, for which m = 0,5 and assuming 
H= 1000 m, K. = 1,063. 

Hence U,w = 660 x 1,063 x 1,05 = 737 kV: 

Ucw for temporary overvollages: 

atmospheric correclion factor: 

safety factor: 

U,,, for temporary overvoltage: 

Ucw 

K, 

K, 

Urw 

660 kV; 

1,063; 

1,05; 

737 kV. 

The atmospheric correclion factor K. for slow-front overvoltages is based on the assumed 
altilude 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: 

Ucw for slow-front overvoltages: Ucw 1380 kV; 

atmospheric correction factor: K. 1,07; 

safety factor: K, 1,05; 

Urw for slow-front overvollages: U,., 1550 kV. 

H.2.4 S/ep 4: conversion lo switching impulse withstand voltages (S/W) 

Referring lo clause 5. 1, the required shorl-duralion power-frequency withstand vollages are 
converled to an equivalen! switching impulse withstand vollage (SIW), according lo table 3. 

For Interna! insulalion: 

For externa! insulation: 

SIW 

SIW 

759 x 2,3 = 1746 kV. 

737 x 1,7 = 1253 kV. 

H.2.5 Step 5: sefection of standard insufation fevefs 

The standard wilhstand voltages Uw are oblained from the required wilhsland voltages by 
chooslng the nexl highest value from lhe standard values lisled in IEC 71-1. 

H.2.5.1 Uw for Interna/ lnsufatlon 

For the temporary overvollage stresses, a switching wilhsland voltage of 1750 kV would be 
required according to step 4. Considering this last requiremenl, many oplions are available. Al 
firsl, a value of 1750 kV is nol slandardized in IEC 71-1, the highest one being 1550 kV, so lhal 
a switching test at such a value would be considered as a special one. Anolher oplion is to 
realiza an alternativa test, as menlioned in 5.4 of IEC 71-1, lo verify lhe withsland of interna! 
insulalion lo power-frequency. For lhis example, an applied vollage test al a mínimum value of 
660 kV (1,5 p.u.) for a minimum duration of 1 min is required. 11 is recommended to refer to 
standards issued by lhe relevan! apparatus committee (as for power lransformers) which give 
more delailed informalion relalive to such a test. For inslance, to avoid saturation, such a test 
is peñormed wilh a source whose frequency is three or four times the nominal frequency. Also, 
fixed values are recommended for vollages and duralions associaled with lhe difieren! 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-fronl overvoltages: 

Standard switching-impulse withsland voltage: 

Urw for fast-front overvollages: 

Standard lighlning impulse withstand vollage: 

U,,.
= 1540 kV. 

Uw = 1550 kV. 

U,,.
= 1875 kV. 

Uw = 1950 kV. 
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H.2.5.2 Uw for externa/ lnsulatlon 

The lightning Impulse withstand voltage of 1950 kV would apply to the externa! insulalion of 
equlpment protecled by arresters, such as transformers and shunt reactors. 

In the case of equlpment remotely localed from !he surge arreslers such as curren! 
transformers, circuit-breakers, disconnectors and buswork, the separation dlstance (sea 
2.3.4.5) has a greater lmpact and for thls example it is decided to choose one step higher In 
!he lighlning Impulse wilhstand voltage. Hence, for this equlpment !he standard llghtning­
impulse withstand voltage is Uw = 2100 kV. 

- U,w for slow-front overvoltages : U..,
= 1550 kV. 

- Standard swllchlng Impulse withstand vollage: Uw = 1550 kV. 

Standard lightnlng impulse wlthsland voltage (protected equlpment): Uw = 1950 kV. 

- Standard lightnlng impulse withstand voltage (unprotected equipment): Uw = 2100 kV. 

The standard switching impulse withstand voltage of 1550 kV is more than sufficient to cover 
the required swilching impulse withsland voltage of 1253 kV converted from the power­
frequency requirements (externa! lnsulation). 

H.2.6 Consideratlons relative to phase-to-phase insu/ation co-ordinatlon 

The phase-lo-phase dielectrlc strength of !he externa! insulation of three-phase equipmenl Is 
usually tested with equal Impulses of positiva and negativa polarily. The actual test values are 
determinad from a consideration of the positiva and negativa slow-front overvoltages (which 
are the mosl critica!) as explained in D.4. Based on this subclause, the assumption is made 
that B = 0,6 from whlch F1 = 0,463 and F2 = 0,074. In thls example, the value of B (B = tg $) 
comes from figure D.5 whlch gives an inclination angla $ = 30º for the considerad three-phase 
equipment (height above earth = 16 m and phase-to-phase distance = 8 m). The required test 
voltages are oblalned as follows: 

- phase-to-earth slow-front overvoltage: 

phase-to-phase slow-front overvoltage: 

U02 = 1200 kV; 

U
p
z = 2040 kV. 

The phase-to-earth slow-front overvoltage was determinad in H.2.1. The phase-to-phase slow­
fronl overvollage is found from figure 2: al u.2 = 1,92 p.u., !he ratio of U

p
z / U02 is 1,7 whlch 

glves U
p
z = 2040 kV. Equation (D.14) gives the phase-to-phase representativa overvoltage: 

Upz.,. = 2 ( F, Up2 + F2 u., ) = 2067 kV. 

The co-ordination phase-to-phase withsland voltage Is obtained applying a co-ordination factor 
K,.. = 1,15: 

Up.cw = Kcs U
p2-,e = 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-earlh lnsulation, 
see H.2.3): 

Up
.,w = Ka K, U

p.cw = 2670 kV. 

Test values are thus specified as:!:. 1335 kV but, as these are nol standard values, !he test 
itself is no! a standard test slnce there Is very little three-phase equipment al the 735 kV leve!. 
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For the temporary overvoltage, we have a representativa overvoltage of 660 kV phase-to-earth 
from step 1 ylelding a phase-to-phase voltage of 1143 kV. This results in !he same value for 
the co-ordination withstand voltage since Kc = 1,0 as in step 2. Applying the safely factors and 
atmospheric correclion factors, we obtain the requlred withstand voltages: 

- interna! insulalion : U..,
= 1143 x 1,15 = 1314 kV; 

- externa! insulation: U..,
= 1143 x 1,063 x 1,05 = 1276 kV. 

These are converted into phase-lo-phase switchlng impulse withstand voltages (SIW): 

interna! insulatlon : SIW = 1314 x 2,3 = 3022 kV; 

- externa! lnsulatlon: SIW = 1276 x 1,7 = 2169 kV. 

The previously determinad swltching Impulse test vollage of 2670 kV is adequate to cover !he 
externa! insulatlon power-frequency requirement bu! not the interna! insulation, Special 
measures as described in H.2.5.1 would be requlred. 

H.2.7 Phase-to-earfh clearances 

The requlred 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 configuratlon (slow-front gap factor K = 1,35), the mlnimum 
clearance is 4900 mm. For !he rod-structure configuration (slow-front gap factor K < 1,15), the 
minimum clearance is 6400 mm. The lighlning impulse wilhstand voltage of such clearances 
can be estlmated from the formulae glven in annex G. Using equation (G.7) to oblain !he 
equivalen! fast-front gap faclors, we oblain: 

- conductor-structure: Kt = 0,74 + 0,26 x 1,35" 1,05; 

- rod-slructure: Kii = 0,74 + 0,26 x 1,15 = 1,04. 

Using Kii " 1,04 to be conservalive, we oblain from equalions (G.6) and (7): 

- UooRP = Kii 530 d = 1,04 x 530 x 4,9 " 2700 kV and 

- LIW = U,oRP - 1,3 Z= UsoRP (1 -1,3 z) = 2700 (1 - 1,3 x 0,03) = 2595 kV, 

which is well above the standard lightning impulse wilhstand vollage of 2100 kV from H.2.5.2. 

H.2.8 Phase-to-phase clearances 

The requlred ehase-to-phase clearance can be oblalned from equallon (D.12) which states lhal 
u.♦ = 1.1 + BU where u.♦ is an equivalen! phase-to-earth voltage that represents the effect of a 
positiva voltage on one phase ( U') and a negativa voltage on the olher phase (U-). From !he work 
carrled out in H.2.6, wilh the values of U'= u·= 1335 kV and with B = 0,6, one can flnd u.♦ as: 

u.♦= 1335 x 1,6 = 2135 kV 

The correspondlng value of U5O is given by U50 = U1O / 0,922 = 2317 kV; d is obtained from 
equallons (G.3) and (G.5) and for gap factors K = 1,62 (parallel conductor configuralion) and 
K = 1,45 (red-conductor configuration): 

2317 = K 1080 In (0,46 d + 1) 

from which phase-lo-phase clearances are: 

- conductor-conductor: d = 6,0 m;

- red-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 mínimum clearances of 7,6 m (conductor-conductor) and 
9,4 m (rod-conduclor). Therelore, use of the above-calculated clearances would require a 
special test. 

H.3 Numerlcal example for substatlons In dlstrlbutlon systems wlth U.,, UP 
to 36 kV In range 1 

For equipmenl in this voltage range, IEC 71-1 specifies standard rated short-duration power­
frequency and lightning impulse wilhstand voltages. The selection of these values is illustrated 
in table H.3 for Um = 24 kV, where the values are examples and not valid for general 
applicalion. 

Far the purpose of this example, one will assume lhe following basic dala: 

- lhe highest system voltage is: U, = 24 kV; 

- the pollulion level is: light; 

- !he altitude is: H= 1000 m. 

The altitude leve! here is assumed lo cover all possible locations. 

H.3.1 Step 1: determination oflhe representative overvoflages - vatues ofU,, 

H.3.1 1 Power-frequency and temporary overvollages 

Owing to the neutral earthing practice, the highesl overvoltages phase-to-earth originate from 
earth faults. Values up to the highest system voltage are frequenl. In this example the 
representative temporary overvollage is the assumed maximum value equal to the highest 
system voltage 24 kV. 

Overvollages phase-to-phase originate from load rejeclions. A ful! load rejection in the 
distribution system itself does not cause substantial high overvoltages. However, a load 
rejection in the transmission system, to which lhe distrlbution system is connecled, 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 U, = 27,6 kV or approximately 
28 kV. This value is assumed to be the highest possible voltage stress and thus is the 
representative lemporary phase-to-phase overvoltage: U,, = 28 kV. 

H.3. 1.2 Slow-front overvoltages 

Overvoltages may originate from earth faults or fine energization or re-energization. As 
distribution transformers usually remain connected during a re-energizalion of fines, and as the 
reclosing is not fas!, the presence of trapped charges is improbable. The re-energization 
overvoltages, therefore, have the same probabillty 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 parallet compensation. The 2 % values are assumed to be u., = 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 dislribulion syslems and 
as surge arreslers do not usually limil stow-front overvoltages in this voltage range, !he 
representative slow-front overvoltages U,, are considerad to correspond to the truncation 
values u., and u,, of the overvoltage probability distributions. With the formulas of annex D the 
truncation values are obtained: u.,= 3,0 p.u. which leads to U,, = 59 kV phase-to-earth and 
u., = 4.4 p.u. which leads to u,, = 86 kV phase-to-phase. 
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H.3.1.3 Fast-front overvo/tages 

With the exception of motor switchlng by sorne type of circuit-breakers, fast-front overvoltages 
due to switching operations can be neglecled. 

Fast-front lightning overvoltages are transmitted on the lines connected to the subslation. The 
simptified method described in F.4 is applied to estímate the return periods of the 
representativa lightning overvoltage amplitudes. No reference value is specified and, therefore, 
no value can be given in tabte H.3. 

H.3.2 Step 2: determlnatfon of the co-ordfnatfon wlthstand voftages - values of U=

H.3.2.1 Temporary overvoltages 

As the previously defined representativa 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 resulling co-ordination 
power-frequency withstand voltages U,w correspond to the representative overvoltage values 
U,, (U= = Kc U,, = U,,). 

H.3.2.2 S/ow-front overvoflages 

The co-ordination withstand voltages Ucw are obtained as: Ueo,, = K,• u,,. The deterministic co­
ordination factor is K,• = 1 because the insulation co-ordination procedure is applied to the 
truncation values of the overvollage 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 
!hose for representative stow-front overvoltages: U,w = 5 9  kV phase-to-earth and U,w = 86 kV 
phase-to-phase. 

H.3.2.3 Fas/ front overvollages 

Far the determination of the co-ordination lightning impulse withstand voltages, the following 
values are assumed: 

- the arrestar lightning impulse protection leve! is u,, = 80 kV; 

- tour wood-pole. lines (n = 4) are connected to the station. Referring to table F .2, the 
corresponding value for the factor A is 2700; 

- the observad overhead fine outage rate is R,m = 6/(100 km.year) or in the recommended 
units R,m = 6 x 10-5/(m.year); 

- the span length is L,, = 100 m; 

- the acceptable failure rata is R, = 1/400 year. 

As lt is common practica to install arresters clase to the power transformers, the separation 
distance may be difieren! for interna! insulation (example: 3 m) and externa! insulation 
(example: 5 m). Therefore, the co-ordination withstand voltages values U,w may be difieren! 
for different equipment. 

With these values the overhead fine section, in which the outage rate will be equal to the 
acceptable failure rate, will be in accordance with equation (F.18): 

L, = 42 m 

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 far interna! insulation (power transformar, distance to the arrestar = 3 m) 
and U,w = 104 kV far the more distan! externa! insulation. 
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H.3.3 Step 3: determlnatlon of requlred wtthstand voltages - va/ues of Urw 

The required withstand voltages are obtained by applying the recommended safety factors (see 
4.3.4) and the altitude correction (see 4.2.2). Far lhe example glven, il is assumed lhat 
substations of the same design shall be usad up lo altitudes of 1000 m. 

H.3.3.1 Safety factors 

The recommended safety factors from 4.3.4 are: 

- for interna! lnsulation : K, = 1, 15; 

- for externa! insulalion : K, = 1,05. 

H.3.3.2 Al/ilude correctlon factor 

The altilude correction factor is defined in 4.2.2. 11 is applicable to lhe extemal insulalion only 
and its value depends on the overvoltage shape (para meter m in equalion (11 )). 

- For power·frequency (clean insulators), m = 1,0. 

- For slow-front overvoltages, the value of m depends on lhe value of U,w- Far values of 
U,wless !han 300 kV phase-lo-earlh or 1200 kV phase•lo•phase, m = 1,0. 

- Far lightning impulse withstand, m = 1,0 and K, = 1, 13. 

H.3.3.3 Temporary overvottage 

- Phase-to-earth: 

interna! insulalion ⇒ U,., = Ucw x 1, 15 = 24 x 1, 15 = 28 kV; 

externa! insulalion ⇒ Urw = Ucw x 1,05 x 1, 13 = 24 x 1,05 x 1, 13 = 28 kV. 

- Phase-to-phase: 

interna! insulation ⇒ Urw = Ucw x 1, 15 = 28 x 1, 15 = 32 kV; 

externa! insulalion ⇒ Urw = U"" x 1,05 x 1, 13 = 28 x 1,05 x 1, 13 = 33 kV. 

H.3.3.4 Stow-front overvottage 

- Phase-to-earth: 

interna! insulalion ⇒ U,.,, = U"" x 1, 15 = 59 x 1, 15 = 68 kV; 

externa! insulation ⇒ U,.,, = U,,. x 1,05 x 1, 13 = 59 x 1,05 x 1, 13 = 70 kV. 

- Phase-to-phase: 

interna! insulation ⇒ U,.,,
= U,,. x 1, 15 = 86 x 1, 15 = 99 kV; 

exlernal insulation ⇒ Urw = Ucw x 1,05 x 1, 13 = 86 x 1,05 x 1, 13 = 102 kV. 

H.3.3.5 Fasf.front overvo/lage 

- interna! insulalion: => U,..
= Ucw X 1,15 = 95 X 1,15 = 109 kV; 

- externa! insulation: ⇒ U,w = U,,,, x 1,05 X 1,13 = 95 X 1,05 x 1,13 = 125 kV. 

H.3.4 Step 4: converslon to standard short-dural/on power-fraquancy and 
lightning impulse withstand voltages 

For lhe selection of the standard withstand voltages in table 2 of IEC 71-1, the required 
switching impulse withstand vollages are converted into short-duralion power-frequency 
withstand voltages and into lightning impulse withstand voltages by applying the test 
conversion factors of table 2 (for Interna! insulatlon, factors correspondlng to liquid-immersed 
lnsulation are selected). 
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H.3.4.1 Converslon to short-dural/on power-frequency wtthstand voltage (SOW) 

- Phase-to-earth: 

Interna! insulalion ⇒ SDW = U,.. x 0,5 = 68 x 0,5 = 34 kV; 

externa! insulation ⇒ SDW = U,.. x 0,6 = 70 x 0,6 = 42 kV. 

- Phase-to-phase: 

interna! insulation ⇒ SDW = U..., x 0,5 = 99 x 0,5 = 50 kV; 

externa! insulalion ⇒ SDW = U,.. x 0,6 = 102 x 0,6 = 61 kV. 

H.3.4.2 Conversion to //ghtning Impulse wíthstand voltage (LIW) 

- Phase-to-earth: 

interna! insulalion ⇒ LIW = U,.. x 1, 10 = 68 x 1, 1 = 75 kV; 

externa! insulation ⇒ LIW = U,w x 1,06 = 70 x 1,06 = 74 kV. 

- Phase-to-phase: 

interna! insulation ⇒ LIW = U,w x 1, 1 O = 99 x 1, 1 = 109 kV; 

exlernal insulation ⇒ LIW = Urw x 1,06 = 102 x 1,06 = 108 kV. 

H.3.5 Step 5: se/ectton of standard wtthstand voltages 

Table 2 of IEC 71-1 gives for Um = 24 kV a standard shorl-duralion power-frequency withstand 
vollage of 50 kV. This is adequate to cover the requirements for temporary overvoltage and ali 
slow-front overvoltages except the phase-to-phase requirement lor externa! insulation which 
can be accommodaled by adequate air clearances. Table 2 of IEC 71-1 provides three possible 
values for the standard lightning impulse withstand voltage for Um = 24 kV. Selection of a value 
of 125 kV covers the lightning impulse requirement as well as the switching impulse withstand 
vollage for externa! phase-to-phasa insulation. 

H.3.6 Summary of tnsu/atlon co-ordtnatton procedura far axample H.3 

Table H.3 summarizes values obtained while compleling the insulation co-ordination procedure 
for this example, for a considerad maximum operaling voltage U, = 24 kV. 
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Annex J 
(informativa) 
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UBICACIÓN DE LA 8UDE8TACIÓN JULIACA 



ANEXO D: UBICACIÓN DE LA SUBESTACIÓN JULIACA
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Figura l. Ubicación de la SE. Juliaca en el Sistema Eléctrico Interconectado Nacional 

Fuente: Red de Energía del Perú 



ANEXO E 

DETALLE DE LA SUBESTACIÓN JULIACA (DIAGRAMA UNIFILAR, PLANOS 

DE PLANTA Y PERFIL - FUENTE: RED DE ENERGÍA DEL PERÚ S.A.A 
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