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International Electrotechnical Commission (IEC) is a worldwide organization for standardization, con
national electrotechnical committees (IEC National Committees). The object of IEC rs\to p
rnational co-operation on all questions concerning standardization in the electrical and electrehic fig

lication(s)”). Their preparation is entrusted to technical committees; any IEC Natiopal 'Committee int
he subject dealt with may participate in this preparatory work. International,\governmental an
ernmental organizations liaising with the IEC also participate in this preparatiofi 1EC collaborates

the International Organization for Standardization (ISO) in accordance <with conditions determi
bement between the two organizations.

formal decisions or agreements of IEC on technical matters express, as nearly as possible, an interr
sensus of opinion on the relevant subjects since each technical .\committee has representation f
rested IEC National Committees.

Publications have the form of recommendations for international use and are accepted by IEC N
hmittees in that sense. While all reasonable efforts are made.to ensure that the technical content
lications is accurate, IEC cannot be held responsible/for/the way in which they are used or
interpretation by any end user.

brder to promote international uniformity, IEC Natiohal Committees undertake to apply IEC Publi
sparently to the maximum extent possible in their national and regional publications. Any dive
een any IEC Publication and the corresponding(hational or regional publication shall be clearly indig
latter.

provides no marking procedure to indicate its approval and cannot be rendered responsible
ipment declared to be in conformity with.an IEC Publication.

Lsers should ensure that they have thedatest edition of this publication.

liability shall attach to IEC or .its  directors, employees, servants or agents including individual expe
nbers of its technical commijttees and IEC National Committees for any personal injury, property dan
er damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feg
enses arising out of the publication, use of, or reliance upon, this IEC Publication or any oth
lications.

ntion is drawn tosthe“Normative references cited in this publication. Use of the referenced publica
spensable for the correct application of this publication.

ntion is drawn\to the possibility that some of the elements of this IEC Publication may be the su
ent rights A/1EC€ shall not be held responsible for identifying any or all such patent rights.
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IEC 60071-4, which is a technical report, has been prepared by IEC technical committee 28:
Insulation co-ordination.
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The text of this technical report is based on the following documents:

Enquiry draft Report on voting
28/156/DTR 28/158/RVC

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

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.
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bmmittee has decided that the contents of this publication will remain unchanged un
enance result date indicated on the IEC web site under "http://webstore.iec.ch’-in_th
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nsformed into an International standard
confirmed;
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1 S

INSULATION CO-ORDINATION -

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

cope and object

This
propo
- fo

- fo
ny

Its ob

applig
levels|

echnical report gives guidance on conducting insulation co-ordination studies
5e internationally recognized recommendations

 the numerical modelling of electrical systems, and
[ the implementation of deterministic and probabilistic methods adapted to the U
merical programmes.

ect is to give information in terms of methods, modelling and examples, allowing f
ation of the approaches presented in IEC 60071-2, and for<the selection of inst
of equipment or installations, as defined in IEC 60071-1.

2 Normative references

The following referenced documents are indispensable’ for the application of this documer

dated

the referenced document (including any amendments) applies.

which

se of

or the
lation

t. For

references, only the edition cited applies. Far undated references, the latest edifion of

IEC 60060-1:1989, High-voltage test techniques — Part 1: General definitions andl test

requin
IEC 6
IEC 6
IEC 6

IEC 6
syste

IEC 6

ements

D071-1:1993, Insulation co-ordination — Part 1: Definitions, principles and rules
D071-2:1996, Insulation(co-ordination — Part 2: Application guide

D076-8:1997, Powertransformers — Part 8: Application guide

0099-4:1994,\Surge arresters — Part 4: Metal-oxide surge arresters without gaps f
ms 1

1233:1994, High-voltage alternating current circuit-breakers — Inductive load switchi

pr a.c.

3 Terms and definitions

For the purposes of this document, the following terms and definitions, in addition to those
contained in IEC 60071-1, apply.

NOTE

Certain references are taken from the IEC Multilingual Dictionary[1] 2.

1 A consolidated edition exists, published in 2001, which incorporates the current edition, plus its amendment 1
(1998) and amendment 2 (2001).

2 References in square brackets refer to the bibliography.
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3.1

backfeeding

refers to the conditions of supplying a high-voltage overhead line or cable through a
transformer from the low-voltage side

3.2

back flashover

flashover of phase-to-earth insulation resulting from a lightning strike to towers and shielding
wires [1]

3.3
back flashover rate
numbegr of back flashovers of a line per 100 km per year

3.4
closirTg of capacitive load
essentially closing of capacitor banks but also closing of any other capacitive, load

3.5
critical current
minimum lightning current that induces a flashover on a line

NOTE | The critical current of the line is the smallest critical current among. all injection points.

3.6
direct lightning strike
lightning striking a component of the network, foriexample, conductor, tower, or subgtation
equipment [1]

3.7
enerdization
conngcting or reconnecting to a souree*an element of a power system which has no stored
energy

3.8
fault ¢clearing
interryiption of the short-cireuit condition on a system

3.9
limit distance
distance fromsthie substation after which no overvoltage resulting from a lightning stroke| gives
rise tq an impinging surge dangerous for the substation's equipment

3.10
line dropping
disconnection of the line by opening the last circuit-breaker

3.1
line fault application
application of a line short-circuit on a system

3.12

load rejection

opening of a line breaker during normal power flow causing a certain amount of load to be
unsupplied

NOTE From a temporary overvoltage point of view, the worst case occurs when the remote circuit-breaker of a
long line transmitting a significant part of the supply of a power station is opened.
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3.13

line re-energization
opening and fast closing of the line circuit-breaker as the consequence of a fault or a relay
maloperation

NOTE

3.14

With respect to line energization, trapped charges should be taken into account.

maximum shielding current
maximum lightning current that can hit a phase conductor on a line protected by shielding wires

3.15

paral
overv
coupl

3.16

point
energ
conta

NOTE

eliminating the risk of re-strike and re-ignition.

3.17

reprepentative lightning stroke current

minim
that tH

3.18
slow-
numb

3.19

switc
resist
surge

3.20
switc
includ

interryipting thedmagnetizing current of a transformer or when switching off a shunt re

switch
and o

el line resonance

ng with a parallel energized circuit

ton-cycle controlled switching
zation of capacitive load at the instant that the voltage is zero acfess the circuit-bi
Cts thus eliminating the switching transient

De-energization of inductive load ensures a long and weak power arc at zero-current crossir|

um value of lightning current at a specific pointy'ef impact which produces overvo
e equipment has to withstand; it is deduced from experience

front overvoltage flashover rate
br of flashovers of a line per 100 km;per year due to slow-front overvoltages

hing resistor
bnce inserted to match.-the’surge impedance of the line in order to limit the swi
magnitude launched from the source

hing of inductive and capacitive current
es interruption” of starting current of motors, interruption of inductive current

ing and.operation of arc furnaces and their transformer, switching of unloaded ¢
f capacitor banks, interruption of current by high-voltage fuses

(See

bltage appearing on an unenergized shunt reactor compensated circuit due to cap:Lcitive

eaker

g thus

tages

ching

when
actor,
ables

p.3.3.4 in IEC 60071-2)

3.21

uneven breaker pole operations
operation caused by one or two breaker poles stuck during opening or closing of the circuit-
breaker
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4 List of symbols and acronyms

AIS Air-insulated substation

BFO Back flashover

BFR Back flashover rate

EGM Electro-geometric model

FACTS Flexible alternating current transmission systems
FFO Fast-front overvoltages

GIS Gas-insulated system

HVDd High-voltage d.c.

LIWV Lightning impulse withstand voltage
MOA Metal oxide surge arrester

SFO Slow-front overvoltages

SIWV| Switching impulse withstand voltage
SFOFR Slow-front overvoltage flashover rate
TOV Temporary overvoltages

TRV Transient recovery voltage

VFFO Very-fast-front overvoltages

Zg (or|Z.) Surge (or characteristic) impedanee
I, Critical current

I Maximum shielding curregnt

In addition, refer to 1.3 of IEC 60071-2 as well as the list of symbols in [4].
5 Types of overvoltages

Table| 1, extracted ffom IEC 60071-1, and Figure 1, detail the characteristics of all types of
overvpltages.

A

H 14 L
LIEI ILLTTTTY UVETVUILAYTO

Switching overvoltages (SFO)

p.u. voltage
N W b~ 00 O

IE_) Temporary overvoltages (TOV)
System voltage
1 % I Y g
-
us ms s Duration

IEC 763/04

Figure 1 — Types of overvoltages (excepted very-fast-front overvoltages)
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Table 1 — Classes and shapes of overvoltages — Standard voltage shapes
and standard withstand tests

Class Low frequency Transient
Continuous | Temporary Slow-front Fast-front Very-fast-front
1f T
1
Voltage or N /\ A
over- \ </ \J % V TN e
\;ﬁ e - d > - p <> v 1/t
TM I ~ = g .
3 n$<.Tr <100 ns
Range of 10 Hz < f 0.3 MHz <
voltalge or | /=950 Hz or < 500 Hz 20 ps < Tp 0,1 ps < Ty <’100§/IH[1
ovier- 60 Hz <5000 ps <20 us i
vol{age 7. >3 600 s 0,03s < Tt T, <2 7> < 300 30 kHz < f»
shapes ‘ <3600 s 220 ms 2 < 300 < 300 kHE
1/f
1/f A
Standard U 0
B e 2 [ |0 EE—
voaage T T
shapes
f=50Hz 48 Hz < f _ _
or 60 Hz <62 Haz Tp = 250 ps T1=1,2 ps
Il T = 60.§ T2 =2500 ps T2 =50 ps
Short-
Standard duration o . .
. 1) Switching Lightning 1)
wﬂh}tand power impulse test mpulse test
test frequency
test
1) To|be specified by the felevant apparatus committees.
6 Types.ofstudies
For rgnge’l voltage level (U,, up to 245 kV), SFO are generally not critical while the FFO ¢due to

lightning have to be carefully considered. However, for higher voltage levels, SFO become of
major importance, specifically in the UHV range, while FFO become in many cases less critical.

TOV have to be studied for all system voltage levels.Table 2 provides a list of events and the
most critical types of overvoltages generated.
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Table 2 — Correspondence between events and most critical types
of overvoltages generated

Temporary
overvoltages

TOV

Transient overvoltages

Slow-front
overvoltages

SFO

Fast-front
overvoltages

FFO

Very-fast-front
overvoltages

VFFO

Load rejection X
(see 2.3.2.2in IEC 60071-2)

Transformer energization

Paralle] line resonance

Uneven breaker poles

Backfepding

X | X | X[ XX

Line faplt application
(see 2.8.3.2 inin IEC 60071-2)

Fault c|earing X X
(see 2.8.3.2inin IEC 60071-2)

Line erlergization X X
(see 2.8.3.1inin IEC 60071-2)

Line refenergization

Line drppping

AIS bugbar switching

Switching of inductive and X X
capacifive current
(see 2.8.3.4 in IEC 60071-2)

Back flpshover

Direct lightning stroke
(see 2..3.5in IEC 60071-2

Switching inside GIS substation X

SFg cirfpuit-breaker inductive and X X X R
capacifive current switching

Flashoyer in GIS substation

Vacuurh circuit-breaker switching X

1) In the case of short.distance busbars and low damping, very-fast-front overoltages can also occur.

6.1 | Temporary overvoltages (TOV)

Tempprary overvoltages are of |mportance when determ|n|ng stresses on equ|pment related to
powet =
stress transformers and shunt reactors as a consequence of over quxrng Ferro -resonance is a
particular type of TOV which is not studied in this report.

6.2 Slow-front overvoltages (SFO)

Slow-front overvoltages play a role in determining the energy duty of surge arresters and in the
selection of required withstand voltages of equipment as well as the air gap insulation for
transmission line towers.

SFO studies require the investigation of possible network configurations and switching
conditions that result in overvoltages exceeding the withstand values mentioned above. In
decreasing order of importance, events which have to be considered typically are line re-
energization, line energization, line fault application, fault clearing, capacitive load closing and
inductive load opening (from the reactor's point of view). In reactive current switching, the
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circuit-breaker may break down after the final clearance due to excessive dv/d:. A dielectric
breakdown across the circuit-breaker before a quarter cycle of the power frequency after the
final clearance is known as re-ignition, but a dielectric breakdown across the CB after the
quarter cycle of the power frequency following the final clearance is known as restrike. Circuit-
breaker restrike generates high SFO.

NOTE There is no withstand value specified for range | equipment.

6.3 Fast-front overvoltages (FFO)

They are essentially produced by lightning strokes. Their magnitude is much larger than other
kinds of overvoltages.

FFO pre therefore critical for all voltage levels, and it is essential to mitigateCthem with
protegtive devices, i.e. mainly surge arresters. Fast-front overvoltages are studied'to detgrmine
the rigk of equipment failure and therefore to select their required withstand levelin relation to
proteg¢tive device configuration and tower earthing, and to evaluateAline and gtation
perfolmance.

NOTE | Vacuum breakers can cause overvoltages in the fast-front range because of eurrent chopping and restrike.

6.4 [Very-fast-front overvoltages (VFFO)

Very-{ast-front overvoltages are important for protectionagainst high-touch voltage$ and
internpl flashover in GIS enclosures. VFFOs appear undet switching conditions in GIS (s¢e [3])
or when operating vacuum circuit-breakers in medium-voltage systems.

Pre-s{riking GIS disconnector and SFg circuit-breaker re-ignition would produce YFFO.
Normally, these VFFOs can be avoided by peint-on-cycle (POC) switching but analysis is
requined to cater for the control relay malfunetion.

7 Representation of network components and numerical considerations

7.1 General

Simpljfied methods for the evaluation of each type of overvoltage are presented briefly in 8.1,
9.1 apd 10.1, respectively. They do not require a precise modelling of each compgnent.
Howeyer, when it is necessary to determine accurately overvoltages or overvoltages for jwhich
simplified methods €annot deal, detailed analysis with detailed models are required. These
mode|s representing the components of the system to be used in studies depend on the type of
overvpltage beifg-'considered. After numerical considerations, this clause presents, forn each
type df overvgltage, the models which are adequate for representing each component.

7.2 Numerical considerations

7.21 Initialization before calculation of transients

The solution of a transient phenomenon is dependent on the initial conditions with which the
transient is started. Some simulations may be performed with zero initial conditions, i.e. with
some particular cases of lightning surge studies, but there are many cases for which the
simulation must be started from power-frequency steady-state conditions. In most cases, this
issue is solved internally by simulation tools.

However, there is presently no digital tool which can calculate the initial solution for the most
general case, although some programmes can perform an initialization with harmonics for
some simple cases. The initial solution with harmonics can be obtained using simple
approaches. The simplest one is known as the “brute-force” approach: the simulation is started
without performing any initial calculation and carried out long enough to let the transients settle
down to steady-state conditions. This approach can have a reasonable accuracy, but
its convergence will be very slow if the network has components with light damping.
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A more efficient method is to perform an approximate linear a.c. steady-state solution with non-
linear branches disconnected or represented by linearized models.

7.2.2 Time step

The time step has to be coherent with the highest frequency phenomenon appearing in the
system during the transient under consideration. A value of one-tenth of the period
corresponding to the highest frequency is advised.

The time step has to be lower than the travel time of any of the propagation elements of the
network. A value of half this travel time is advised.

The cprrectness of the time step may be verified by the method presented in [5] whichuinyolves
compagring the result given with the time step and half of the time step. If the two\results are
equivalent, the first value of the time step is considered small enough.

7.2.3 Duration of the simulation

The duration time must be sufficiently long to ensure that the maximum overvoltaggs are
recorded in the simulation results. In particular, propagation timgs<and reflections must be
taken|into account. For TOV, it is necessary to cover a time interval sufficient to permit an
accurgte calculation of energy in surge arresters.

7.2.4 Numerical oscillations
Numgrical oscillations can be related to:

— nymerical methods applied for the calculation-of the transient, particularly the integration
method applied in the solver in the case of time-domain calculation,

— the intrinsic unstable character of the “modelling of the system for given values of
pdrameters.

When| oscillations occur in a simulation case, one has to check if they are related to pHysical
phengmena or not. If the oscillations’depend on the time step or are not damped, they may be
numefical.

In prggrammes using the trapezoidal rule, a resistance may be included in paralle]l with
inducfances (Figure 2)\to damp numerical oscillation which may occur when a current is
inject¢d into it, as shown in the following diagrams [29].

According to [29],-this resistance may not have a detrimental effect on the amplitude-frequency
respohse of the’inductance but introduces a phase error. Based on an acceptable phasq error
at power fregquency, [38] proposes to use the following criteria:

ZX L 2 XL

5,4 x <R <94 x
At dampl At

Numerical oscillations can also appear in a capacitance current if an abrupt change is applied
to the voltage between the terminals of the capacitor, in a programme using trapezoidal rule
but is seldom a problem in practical studies. To damp these oscillations a resistance may be
included in series with the capacitance (Figure 3).

Reference [29] proposes using

AVS

Rgampc =0,15x% o xC
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It is aJ]so possible to apply the backward Euler rule for a few time steps to damp the.osci

[29].

7.2.5

Care

preparation of these results for output. This may happen, for example; if the time step us

the re

betwgen two samples.

7.2.6

The 1
accur
credil
time-q

Attenfion must be paid to the assumptions.made for values during steady state, as one c3

in the

c—

IEC 764/04 IEC 765/04

RdampC
RdampL |::| L amp

Figure 2 — Damping resistor Figure 3 — Damping resistor

——appthied-to-an-inductance appltied-toa—capacitance—

Data representation for output

should be taken to avoid inopportune filtering of the resulis*-of calculation

presentation of the output is not small enough and hides some oscillations ocgG

Non-linear elements
umber of elements representing the piecewise’ non-linearity must be large enou
ately represent the element, especially for thedata around the "knee point" and pr

le results. Non-linear elements can cause numeric inaccuracies due to methods us
omain resolution.

following example (Figure 4).

A

V

\Linear assumption for

steady-state calculation

lation

juring

led for

urring

gh to
bduce
ed for

n see

Non-linear

characteristic

-

1

IEC 766/04

Figure 4 — Example of assumption for the steady-state calculation
of a non-linear element
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7.3 Representation of overhead lines and underground cables

Many alternatives exist to represent overhead lines and underground cables. Table 3 gives a
summary of the models which are most commonly used. Details on modelling are given in
Annex A.

Table 3 — Application and limitation of current overhead line
and underground cable models

Name Applications Limitations
1 — Exact Pi model Initialization
2 — Nominal Pi model Initialization . Initialization at one frequency only
Transients +  Choice of number of cells

. Trapezoidal rule problemydue to first
capacitance

3 — Travelling wave model with Transients *  Choice of frequengy for calculation |of
consfant transform matrix model

. Reflections<dte to lumped impedances
representing the losses

. In_most cases discrepancies due tqg real
approximation of the coefficients of|the
transfer matrix

e Approximations in calculation of
historical terms due to time step

Time step <12
Propagation time for eachmode ~
4 — Hrequency-dependent model Transients . Transfer matrix is frequency-depenflent
with ponstant transform matrix for cables and multiphase conductqrs at

low frequencies

. Coefficients of the transfer matrix gre in
many cases approximated as real
coefficients

. Time-step limitations

5 — Hrequency-dependent maodel Transients . Coefficients of the transfer matrix are in
with frequency-dependent many cases approximated as real
trangform matrix coefficients

. Time-step limitations

6 — Hhase domaifi/model Transient and . Phase-domain line modelling is
initialization currently not very popular. One
advantage may be to avoid

approximating the co-efficients of the
transfer matrix as real

When modelling cables, care should be taken to represent carefully cross-bonding (more
generally sheath arrangements of cables). Damping of oscillations are in general difficult to
simulate in the case of cables, particularly because of the representation of the shunt losses.
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7.4

Representation of network components when computing temporary overvolta

Most of the models described in this subclause are presented in more detail in [2].

7.4.1

Power supply

a) Positive- and zero-sequence RLC circuit

()

ges

In Fig
sourc

Source voltage of zero
and positive sequence Dampin
impedances Zy and Z4 Rph Rph Rph ping
-_ Resonance
o < o
Rn
. =
n
—1

IEC 767/04

Figure 5 — AC-voltage equivalent circuit

ure 5, Zgand Z; are respectively the zero_afd positive-sequence impedance

)

Zo =Rg +jLg %21, and Z1 =Ry +]Ly %217,

mpute Zgand Z;, one can assume that they are mostly inductive, i.e. Zg= jLy x2T]

bf the

f, and

Z4= jlILyx 217, with f the power frequency. Lyand L are calculated from the values of gingle-
phasq and three-phase short-ciréuit currents and by the formula:
Zo - 3><Il%ph—sc _
Z1 I1ph—sc
Ry and R, arenthen computed from the inductances by the relationship L/R =1, the time
constant. Resonance capacitors are determined from the zero- and positive-sequence
resonpnce-ffequencies (both of these frequencies are obtained from measurements) by:
L 4' L 1
C1 = G h =
L1a)12 P L1a)12
1
Co=— S 2 2
Loa)o Loa)o —L1CL)1

Zero- and positive-sequence values Phase and neutral values
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the damping resistors are given by:

L Ron = kLo
Ri=hf e p k
1 —
Rq —E(Lowo ~ Lyan)
Lo
RO = -
Co
Zero and positive sequence values Phase and neutral values

The factor k defines the level of attenuation and is deduced from measurements.

The ¢

instan
when
and

overv

b) Sy
Mode

Saturation, excitation and mechanical torque must be represented. It is also import

repreg
deper
effect

c) Dy
This

repres
using

ulsations ap and wy are estimated from measurements. Reference [63].propos
ce to evaluate the resonance frequencies of the network from the overyoltages ob

energizing a transformer. When a transformer is energized its magnetic core sat
herefore highly distorted currents occur, which provide harmenic peaks o
Dltage.

nchronous machine

ling is based on the simulation of the equations in thé-sdirect and quadrature
bent voltage and speed control. The parameters, are frequency-dependent, by
of the capacitances is negligible.

yfnamic source model [55]

Mmodel is adapted to represent a source with a fluctuating frequency. It permi

sentation of a network bypassing thetdifficulty of modelling the synchronous mach
the results of a transient stability programme (see Figure 6).

il

IEC 768/04

es for

ained
irates
h the

axes.
ant to
t this

dency is complex to model and for the transients considered is often not important. The

s the
ne by

Figure 6 — Dynamic source modelling

The quantities P, O, V; and & are functions of time. They are obtained from measurements or
from transient stability studies. This model provides a way to calculate for each time step the
amplitude and the phase of the Thevenin equivalent source of the system.

We have

Z=R+iX
Sji = —(P +]0) = Pji + Qi

=—Pji = (Rx V; V;cosd - X V; ¥; sind— R V{?)/(R? + X?)
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0=-0ji = (X x V; V; cosd— R; Vj sind— X V2)/(R? + X2)

where

0=6-9
g=0Vandg=0V,
R (V) = x = Vicoso
I,(V;) =y = Vsind

Rx+Xy=a=(R?+X2)(PIV})+ RV,
Xx=Ry=b=(R2+X2)(0QIV)) + XV,

x = (a R+ b X)/(R? + X?2)
y = (a|X = b R)(R? + X2)
Vi= (42 +y2)0°

0 = arctan(y/x) with —-t< o< m

The vpltage of the equivalent source is given by e = Vi(f) cos[211/t + 5(¢)].

7.4.2

A lindar portion of the network can be reduced in order to gain_calculation speed by ng

reduc
to 1K

to 1
Figur

equivalent circuit which has the same frequency response as'the detailed network (typica
{Hz), from the nodes connected to the portion of _the system represented in detai

Linear network equivalent

ion routines. The fitting between the real network and the, reduced one may be m3g
Hz, which is the frequency range of interest for TOV The aim is to calculg

7).

twork
de up
te an
lly up
| (see

| @ —_— Network equivalent

7.4.3

When

IEC 769,

Figure 7 — Linear network equivalent

Overhead lines and underground cables

representing overhead lines it is of importance to take into account the freq

uency

dependence of the zero-sequence parameters. Asymmelry has to be considered as well.

Shield

ing wires may be eliminated assuming zero voltage on these wires.

It is possible to use models 2, 3, 4 and 5 of 7.3. When using model 2 (nominal Pi model) the
recommendations of the subclause above have to be taken into consideration.

7.4.3.1 Recommendations for the use of the Pi-model

The number of Pi-sections required to represent the line correctly is directly related to the
frequency of the oscillation which can be expected during transient. The highest frequency [17]

which can be represented by a Pi-cell, the corresponding length of which is /, is given by the

followi

ng formula:
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_ 1

f' e —
max Tl'l /—LC

where L and C are respectively the inductance and the capacitance per unit length.

Reference [5] considers that if a frequency f has to be represented, the line length
corresponding to a Pi-cell should be smaller than:

_ v

- 5% fmax

wherq v is the velocity of electromagnetic wave given by:

Ve
If the [line is switched immediately in parallel to a capacitance of the feeding system sidg, this
leads|to an infinite current due to the direct connection of two capacitors if the two|initial

voltadges are different. To avoid this problem, a resistor in the order\of the surge impedapce of
the lirle should be connected in series with the first shunt capacitance of the first Pi-cell.

7.4.4 Tower

When| analysing a fault application overvoltage, overhiéad line towers are represented as a
singlel electrical node because of their small impedanee and admittance.

Towefs can be neglected.

7.4.5 Corona effect
A corpna effect is not represented in.most of the TOV studies because overvoltages obderved

in these studies are too small and“do not reach the ionization threshold, except for very long
lines and bad environmental conditions, for example, humidity and altitude.

7.4.6 Air gap, line insulator

It is npt common to represent air gaps when studying TOV.

7.4.7 Busbar

Busbars are-not represented individually because their length is negligible compared withl wave
lengthls involved in this type of study. Major busbars can be represented by lump capacitapces.

7.4.8 Transformers and shunt reactors

At TOV frequencies, transformers react as inductive elements. Capacitances do not have to be
considered. Saturation of the magnetizing inductance, residual flux and losses (copper and
magnetizing) play an important role in TOV generation and damping. Inductance and
resistance are obtained from measurements or estimated from computer programmes. See
IEC 60076-8 or [8].

Non-saturated shunt reactors are easy to represent by an inductance, since losses which are
very low can be neglected. If TOV amplitude is large enough to lead to the saturation of the
shunt reactors, then the remarks about transformers can be applied.
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The design of the core plays a fundamental role since it affects the zero sequence of the
transformer. A three-limbed design involves a lower zero-sequence impedance. In fact, in a
three-leg transformer the zero-sequence flux closes its path through the tank, and therefore the
relevant zero-sequence reluctance is higher with respect to the five-leg transformer (or the
shell-type core).The inductance is in inverse proportion with respect to reluctance, thus the
zero-sequence inductance of a three-leg transformer is lower than that of a five-leg one.

The above depends on the winding connection, i.e. on the vector group and the earthing of the
neutral. The zero sequence is open for both unearthed star- and delta-winding connection,
since these kinds of connection do not allow the flow of zero-sequence current. Thus, in
practice, the different performance of a three-leg transformer with respect to a five-leg one is

of co

In thig
windir
transf
mode

cern 10r a star-earthed winding connection.

g terminals and, on the other side, there is only a star-unearthed windingy.the thr
prmer has a performance which is markedly different to a five-leg one; since, f
ling point of view, the three-leg transformer acts as a five-leg transformer but is equ

with an additional fictitious delta winding which takes into account theylow zero-seq

induc
transf
the th
since
but e
lower

7.4.9
An op
circuit
ferro-
node.

7.4.1(

If the
repres

7.4.11

If it i
mode

7.4.12

There

ance (for a five-leg transformer the zero sequence is open. in’this case). W
prmer is seen from its star-earthed winding terminals, yet theré is only a delta wi
ree-leg transformer has a performance which is slightly different from a five-leg

huipped with an additional fictitious delta winding which\takes into account the ¢
zero-sequence inductance. Reference to this aspect can be found in [50] or in [66].

Unoperated circuit-breaker and disconnector
en circuit-breaker is generally represented<as a dead-end element, but in some s

-breaker grading capacitance may be_required for open-circuit breakers, espec
resonance is considered. A closed circuit-breaker is represented as a single e

Substation and tower earthing electrodes

representation of an earthing electrode is required, it may be modelled as a rg
senting the low-frequencyjearth resistance for small current.

Lightning stroke

5 necessary \to simulate a short-circuit (or flashover) caused by lightning, it ¢
led by a short-circuit with a closing switch.

Surge arresters

ar€ some cases where surge arresters have to be modelled:

particular configuration, when, for instance, a transformer is seen from itscstar-earthed

be-leg
'om a
ipped
lence
hen a
nding,

one,

from a modelling point of view, the three-leg transformet acts as a five-leg transflormer

lightly

tudies
ally if
ectric

sistor

an be

— if their damping effect has to be taken into account;

— if their energy withstand is analysed;

— if TOV amplitude exceeds the rated voltage of a metal-oxide arrester or the sparkover

VO

Itage of an arrester with gap;

— if the studied TOV is associated with a slow front transient overvoltage;

— when sacrificial arresters are used to limit the amplitude of TOV.

In these cases, a non-linear resistor is enough to represent the influence of the arrester on

TOV.
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7.4.13 Loads

The main problem for the representation of loads is to know their parameters. If the only known
parameters are active and reactive powers, then it is advised (see [2]) to perform two TOV
studies, one with series-RL loads, one with parallel-RL loads. If the two studies show a big
difference between the two models, then more data about loads should be obtained in order to

use a

more accurate model.

The presence of motors in loads may modify short-circuit power and frequency response.

Refer

W

Ls

L Y Y
Y
'oh

= IEC 770/04

Figure 8 — Representation_ofjJoad in [56]

bnce [56], which deals with harmonics caleulation, proposes approaching the isg

load modelling using three methods:

- M

logd is equivalent to a resistance R =@/2/P, where U is the nominal voltage and P the
pdwer controlled by the load.

e M
wi
m

e M

bthod 2 — The equivalent resjstance of the load is calculated as above but it is asso
th an inductance in paralleDbwith it. The reactance is estimated based on the num
btors in service, their installed unitary power and their installed reactance.

bthod 3 — Over a freguency range corresponding to frequencies between the 5th a

2(0th harmonics, the“load can be represented by an inductance Lg in series V

re

ue of

bthod 1 — The equivalent reactance of\the load is neglected, by considering it infinit¢. The

active

ciated
ber of

nd the
vith a
hat

sistance R, the(two of them being connected in parallel with an inductance Ly such t
2
R = U_
Pso
=230 R

I = R
P 100 xT(6,7 xtangsy —0,74)

Py and Qg are respectively the active and reactive power absorbed at nominal frequency by
the overall load.
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7.4.14 Filters and capacitors

It is important for TOV to represent them. They are represented by lumped R, L, C elements.

Exam

ples of installations can be found inlEC 60071-5 [64] for HVDC applications.

7.4.15 Other equipment

Devices such as FACTS or HVDC that can modify power flows or inject harmonics have to be
accurately represented, especially their control. The action of protection systems has to be

taken

7.5
7.5.1
7.5.1.

Accor
must

+  Pdg

e Su
e B

lines included).

Refe
adeq

* P4
m

o |t

into account in order to get realistic scenarios.

Power supply

U Source network representation

be modelled correctly.

wer-frequency impedance.
rge impedance as seen from the energizing bus.

haviour of the source at the major natural frequencies of the whole system (sw|

lately in line energization and line re-energization studies.

rts of the source network at a lower voliage level with respect to that of the switche
by be disregarded apart from their contribution to the short-circuit power.

is generally sufficient to represent)the lines, at least in meshed systems, up f

Representation of network components when computing slow-front overvoltages

ding to [57], the characteristics listed below have a major effect on-the overvoltaggs and

tched

ence [57] makes the following general recommendations to model the squrces

d line

o two

bysbars back from the energizing bus; the remaining part of the system may be
represented by its short-circuit reactance in parallel with its surge-impedance.
7.51.p Synchronous machine
For sjow front overvoltage computation, synchronous machines are modelled as shgwn in
Figureg 9.
C (external capacitance of the overall system) must be calculated, taking into account what is
conngcted to (the machine. This capacitance is of secondary importance in the case of|slow-
front pvervoltage computing.
The f{ransition from subtransient to transient and to synchronous reactance is oply of
importance for the decay of short-circuit current [o].

When modelling the external behaviour of a synchronous machine only, R(f) can often be
represented by a constant, independent of frequency.
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Subtransient inductance

L R(f)
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7.5.2.

This i
expea
trapp
trapp

When
of tra
negat
Howe

IEC 771/04

Figure 9 — Representation of the synchronous machine

Overhead lines
U Trapped charge

s used to simulate a high-speed reclosure condition. Completely different behavi
ted when the line is equipped with shunt reactors, which implies a free oscillation
d charges, in contrast with uncompensated lines without'magnetic transformers for
d charges decay exponentially without free oscillations:

a circuit-breaker opens an overhead line sequentially without current chopping, p
bped charges on each phase is positive, negative and positive, or negative, positiy
ve. Magnitude of trapped charge on the.last phase to open corresponds to
ver, the voltage magnitude corresponding, to trapped charge on the first phase to|

becon
by ¢

nes larger than 1 p.u. and can reach more than 1,3 p.u. This voltage increase is c

our is
of the
which

Dlarity
e and
1p.u.
open
aused

pacitive coupling between phases [53]. For single-circuit OHL, this voltage ris¢ is a

functipn of C4/C,. For double-circuit OHL; the voltage rise is a function of C 4/Cy and
coupling from the adjacent circuit. On-the other hand, magnitude of the voltage on the s
to open is smaller than 1 pw.’This phenomena has been confirmed by field tesfts. Of

phas

coursg, trapped charges decay with time. To simplify the simulation for high-speed reclos

is as

+1 p..

phase
deper
charg

7.5.2.

Mode

umed in many cases thatthe trapped charges are +1 p.u. =1 p.u. and +1 p.u. or
and —1 p.u. However,-ecare should be taken that in the case of reclosing after a
-to-earth fault, trapped charges on the healthy phases may be higher than
ding on the earthing of the neutral. In the case of a single-phase reclosing, the tr
b is smaller than ;"p.u.

R Linesmodel

s 3,4and 5 of 7.3 may be used.

of the
econd

ing, it
1p.u.
single
p.u.,
hpped

7.5.3

_—
TOUWTT

As the tower’s equivalent capacitance to the line can be considered negligible when compared
to the capacitance of the line, they need not be represented in the study, except when a
flashover occurs at a tower. In this case the tower is represented by a resistance equal to the
tower footing resistance for SFO studies, if necessary (because a fault application overvoltage
is little affected by the tower footing resistance).

7.5.4

Corona effect

In most of the cases, slow-front overvoltages are too low to induce corona effects.
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7.5.5 Underground cable

Models 3, 4 and 5 of 7.3 may be used.

Cross-bonding and earthing have to be carefully taken into account. All conductors (core,
sheath, armour and additional conductors) must be represented. Reference [58] provides a
large presentation of solutions generally adopted for underground cable cross-bonding and
earthing.

7.5.6 Air gap, line insulator

7.5.6( Flashover trigger

For alfirst approximation, one can assume that the gap flashes as soon as its voltage repches
a givén value. Once the flashing condition has been verified, several possibilities exist to
represent the flashover process.

7.5.6.p2 Flashover process

7.5.6.2.1 Ideal switch

An air gap, once the flashing condition has been verified, cah be simply represented|by an
idg¢al switch which closes in one time step. If the time steplis not too small, this mqdel is
quite representative.

7.5.6.2.2 Voltage source

In|the case of a study using a very small time step, the last model can lead to excegsively
high overvoltages due to a value too high of«d}i/dz. One can then model the flashing|of an
air gap by a voltage source which decays progressively from the initial voltage to zerno in a
giyen time, equal to several time steps.

7.5.6.2.3 Use of inductance

Fqr a study using a small time step, the air gap may be represented by a small indugtance
(fer example, 1 uH/m) in a series*with an ideal switch which closes in one time step.

7.5.7 Busbar

Busbars are not represented individually because their impedance and admittance afe too
small|to influence thg€ transient response. Important sets of busbars can be represented as a
singlel lumped capacitance. Small busbar sections (the travel time of which represents few time
steps) can be represented as a lumped capacitance.

7.5.8 Transformer

A power-frequency model must be used, taking into account non-linearity, losses, remnant flux
and primary-secondary stray capacitances. In some cases it is important to model accurately
the capacitances to get a correct resonant behaviour (energization of a transformer from a
short line). A frequency-dependent transformer model would be of interest but in most practical
cases the knowledge of the transformer parameters does not permit an accurate
representation of the transformer.

7.5.9 Open circuit-breaker

An open circuit-breaker is represented as a dead-end element. A grading capacitor, in parallel
with the breaker contacts, can also be included when possible.


https://iecnorm.com/api/?name=6f1779dead36955ea021e953b852a411

- 28 — TR 60071-4 O IEC:2004(E)

7.5.10 Circuit-breaker

Breakers are important in SFO as most of these are generated during switching operations.
Depending on the type of phenomena that are being studied, a different model for the breaker
should be used.

7.5.10.1 Ideal switch (closing and opening)

As a first approximation, a breaker can be considered as either an infinite resistance (open
breaker) or a null resistance (closed breaker), changing from one to the other in a time step in
case of closing, as well as when its current reaches zero in case of opening.

Severnal improvements have been proposed to this model:

The possibility to chop non-zero current when the current drops under a giveh|value
dgta is difficult to obtain; it depends on the current value and the characteristics of the
This feature can be very useful when simulating the interruption of inductivescurrents |

A lhigh-frequency current property (see IEC 61233). A value of difd#’which is tog
prevents the breaker from opening. This data is also difficult to obtain.

Restriking possibility. This model includes a computation routine to determine whg
breaker will restrike after it has opened. The routine may be a simple comparison
longitudinal voltage versus time and a TRV shape.

Statistical switch. The closing times of the three phases of the breaker have a
influence on the generated overvoltage. Two paraméters are taken into account. Fir
clpsing command may happen at any time, which,means anywhere on the power-freq
sime. Then the three phases, which are supposed to receive the command at the
time, respond to this command with a random.delay due to mechanical dispersions an

. This
load.
14].

high

n the
of the

great
5t, the
uency
same
d pre-

strikes. The strategy the most commonly adopted is as follows: the closing command is

supposed to be uniformly distributed on the'sine and real closing times are supposed
arpund it, with a Gaussian probability. This double distribution is illustrated in Figure
the transient behaviour of the systen’is symmetric in terms of polarities, one can lin
excursion of the switching order~time to under one-third of a power voltage p
Concerning the Gaussian distributions, the standard deviation of the inter-phasg
distribution is not always known: A value of 0,8 ms to 2 ms may be used as a typical
IEC 62271-100 [65]. allows"5-ms.

to be
10. If
hit the
eriod.

time
value.
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Closing time 2
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N

Closing time 3
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Figure 10 — Diagram showing double distribution used for statistical switches

Lilar breaker is studied and if data-are available, three different closing commands ¢
as described in [20].

.2 Arc model based on(the physics of the circuit-breaker

sophisticated model tries to simulate the physics of the circuit-breaker as clos
ble. It is much more. complicated than the ideal switch, and its parameters can be dt’

e phenomena incases such as breaker explosion investigations.

mathematical models are based on energy balances between the electric arc ar

simplification to assume that the clesing command is unique for the three phasep. If a

an be

ely as

fficult

ion of

d the

surroynding-environment when the current drops to zero. The two equations most used afre the

Mayr

And (Cassie equations [13]. More details are given in Annex B.

A simplified model may be used if the effect of arc voltage only is considered [5]. Statistical
characteristics can be added to this model in the same manner as above.

7.5.11

Metal-oxide surge arrester

A MOA is represented as a non-linear resistor, using its 30/80 us characteristics (IEC 60060-1).
The surge arrester’s benchmarks are 0,5 kA, 1 kA and 2 kKA.

7.5.12 Substation and tower earthing electrodes

If the representation of the earthing electrode is required, it may be modelled as a resistor
representing the low-frequency earth resistance for small current.
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7.5.13 Network equivalent

A model similar to the one given in 7.4.2 may be used but covering a higher frequency range

(up to

7.6

7.6.1

20 kHz).

Representation of network components when computing fast-front transients

Power supply — voltage source

The power-frequency voltage, at the inception time of a lightning stroke, can be represented as
a power-frequency voltage source and an adaptation resistor in series (value [R] = [Z]], surge

imped

ance matrix).

The r
neces
initial
7.6.2
7.6.2.
If ac
accur
cable

positi
recon

7.6.2.

If refl@ctions are not to be considered, the ling can be terminated in its equivalent charact

surge

7.6.3

A tow
with

7.6.3.

Wagner and Hileman [15] have proposed the expression below to calculate the

sary to investigate both polarities. In some specific configurations, several vall
line voltage need to be considered.

htely modelled. In the case of underground cables, especially when the remote end
is under open-circuit conditions, invaded surge mayproduce high overvoltages (¢
e multi-reflections at both ends. Therefore, uselof a cable model with full len
mended.

] Line or cable far from the lightningstroke inception point

impedance in the phase domain.

Tower

er is commonly represented-as a radiating structure [4]; as a lossless propagatio

U Lossless propagation line with constant parameters

blative polarities of the lightning stroke and the initial line voltage are of importanceg. It is

es of

Overhead transmission line and underground cable
U Line or cable close to the lightning stroke inception point
omplex model is to be implemented, approximately 2 000.m of overhead line myst be

of the
ue to
gth is

eristic

n line

constant characteristics; »as a propagation line with damped inductance; or as an
equivalent inductance.

surge

impedance of acone:
H2
Zpy =60xIn —
Pyt
where:
H is the height of the cone equivalent to the tower;

"pyl

is the tower base radius.

Chisholm, Chow and Srivastava have discovered that the impedance depends on the direction
of injection. However, they propose the use of an average impedance Z,,, [18]:

Z,y = 60 x In(cotd12)

where 8= tan=1(r(h)/h), h is the height along the tower and (%) is the tower radius at a height

of h.
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They propose the following practical simplification:

Zgy = 60 x In[cot(0,5 x tan=(r,,/H)))]
with:
_ rthy +ra(hy +hy) +r3hy
Tavg = et h
1+ hy
where:

r4 is the tower top radius;

ro is tfTetower mid-section Tadivs;
r3 is the tower base radius;

h4 is the height from base to mid-section;
ho is i

Hy = Hy + hy.

e height from mid-section to top;

7.6.3.2 Propagation line with damped inductance

T

Zt1
Rq Lq
Z1
Ry Ly
ﬁit e
1

Ly

)

IEC 773/04

Figure 11 — Multi-story transmission tower [16], H= 1, + I, + I3+ ],

A model for a multi-story transmission tower [16] has been developed on the basis of
measurements on a 500 kV transmission tower equipped with shield wires (see Figure 11).
This model consists of four sections divided at the upper, middle and lower phase cross-arm
positions. Each section consists of a lossless transmission line in series with an inductance in
parallel with a damping resistance. The impedance depends on the direction of the lightning
current in air. The model considers the most severe condition. The parameters of the

corresponding electrical model are calculated using the following rules:

Surge impedance: (upper part) Z,4 = Z;5 = Zi3 = 220 Q (lower part) Z, = 150 Q
Surge propagation velocity: vy = vy = vy = w3 = vy = 300 m/us
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Time constant (travel time on tower x 2): 7= 2 x Hlv;

Attenuation is constant along the tower: y= 0,8944

Damping resistance per unit length of upper part: vy =2 x Z,4 In(y/(I4 + I5 + I3)
Damping resistance per unit length of lower part: r, =2 x Z 4 In(y/l4)
Ry=rily,Ry=ryly, Rg=rq 13, Ry =1y 14y Wwhere Iy, I5, I3 and I, are real length.

04(E)

Inductance in parallel with a damping resistance: Ly =Ry I, Ly =Ry T, L3 =R3 T, L4 = Ry T.

3 Inductive branch

) Cross-arm representation

se of their short length, propagation in cross arms cannot be represented’easily in FFO

studigs. Cross arms have been represented as short, electrical transmission lines with [open-

circui{ ends [4], [18], including the effect of doubling of the overvoltage at.the end of the

arm.

Theregfore, in this respect, a cross arm may be modelled as a Jossless propagation lin
hnt parameters or an equivalent inductance (1 pH/m); thislast representation dog¢s not

const
give t

7.6.3.

ne effect of doubling of the overvoltage at the end of the ¢ross arm before flashover

5 Travel time

Cross

B with

Some| experiments [18], [19] have shown that traveltime is longer than the tower height djvided

by the speed of light in a vacuum but it is reasonable to ignore the additional path len

practi
be co

7.6.4

nsidered [4].

Corona effect

gth in
cal studies. The additional contribution_due to the propagation from the shield wirg may

The corona effect [45] [4] involves an increase in the line capacitance due to the ionizaltion of

the ai

phasgs. Most of the models account for the phase-to-ground corona effect.

Since

appro
effect

7.6.4.

The ¢
dividi

 around the conductor. This effect appears both between phase and ground and be

The next subclause presents one of them.

U Discrete components model

prona‘effect can be represented using discrete classical components. This is achie

ween

this effect tends~{o reduce the steepness of the impinging surge, it is a conseryvative
Kimation to neglect it. There are many proposals on the methods to simulate gorona

ed by

the line int tions of iven length an nnecting one or two branch ntaining
a diode, a capacitor and a d.c. voltage source to each section. The source represents the
voltage above which the corona begins to appear, the capacitor represents the additional
capacitance of the line due to the corona and the diode is an artifice which facilitates the
connection of the capacitor only when the voltage reaches the d.c. source value. This model is
only valid for one polarity of overvoltages, i.e. positive, in the example shown in Figure 12.
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Figure 12 — Example of a corona branch.model

es dividing the line into many small lengths. For this reason, it is recommended th
only be used in the most stressed part of dhe/network, i.e. 500 m from the
ion point.

] Parameter values
neter values can be found in Clause-F.1 of IEC 60071-2, in [21], [24] and in 5.6 of
ctor radius, number of sub-conductors per bundle), polarity and even on the wavefq

hnsient. Reference [4] proposes a method to evaluate the reduction of steepness
rona effect of an impinging_surge.

Air gap, line insulator
1 Flashover trigger
1.1 Voltagethreshold

sumptien’ that the gap flashes as soon as its voltage reaches a given value
mended for this type of studies.

use it

at the
stroke

[4]. It

be noted that parameters for the\corona effect depend on the geometry of the ling (i.e.

rm of
jue to

s not

7.6.5.

1.2 Volt-time curve [4], [10] (Figure 13)

The instant of breakdown is considered as being the point of intersection of U(r) with the volt-
time curve of the insulation. U(r) is the voltage between the two terminals of the air gap versus
time. The knowledge of the performance of insulation under the stress of the standard lightning
impulse is, however, not sufficient to predict the performance of the insulation exposed to any
non-standard impulse. Furthermore, it is not always correct to assume that flashover will occur
when a voltage wave just exceeds the volt-time curve at any time. The experimental volt-time
characteristic is only adequate for relating the peak of the standard impulse voltage to the time
shover. For a non-standard impulse, a more accurate determination of the time of
flashover may be obtained using the two models presented below.

of fla
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1,8

1,6

1,4

1,2

1.3 Air gap model using the area criterion [4], [30]

bver occurs-when Integrate(t) becomes equal to DE (constant):

1,0

0,8

Negative flashover voltage MV

0,6

0,4 ] I ] I ] |
0 1 2 3 4 5 6

Time to breakdown ps EC 775/04

Figure 13 —Example of volt-time curve

rea criterion involves determining the instant of breakdown using a formula of the¢ type
bed below. The method altlows the applied waveform to be taken into account.

¢ k
Integrate (t) = .[T (U(‘L')—UO) dv
0

U(7) is the voltage applied at time ¢, to the terminals of the air gap.
U, is a minimum voltage to be exceeded before any breakdown process can start
or continue. T

k and U, and DE are constants corresponding to an air-gap configuration and
overvoltage polarity.

Ty is the time from which U(t) > Uj,.

The parameters U, k and DE are determined by using the voltage-time curve.

This model is valid for impulses of either positive or negative polarity but does not
apply in case of oscillation, when the voltage between the terminals decreases
below U, after having being greater than Uj.

The model is recommended for air gaps smaller than 1,2 m.

In [59] standard impulse tests have been used to evaluate some sets of parameters U, k, DE
which were used to predict the performance of the insulation stressed by non-standard data
and to make some comparison with experimental data. The sets of parameters corresponding
to the different configurations considered are presented in Table 4 below.
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Table 4 — Values of Uy, k, DE for different configurations proposed by [59]

7.6.5.
The p
break
propa
Leads
a) B
W
pr
W
ddg
tw
tw
5
b) G
Arn
VO
fig
c) G

Gap (cm) — Test object — Polarity k Vo PE
kV

56 — rod-rod — + 1 306 4,9
56 - rod-plan — + 1 252,2 306,5
114 —rod-rod — + 1 577,5 641,2
8 — insulators? — + 1 643 369,3

56 — rod-rod — - 1 391,6 240,1
56 — rod-plan — - 0,47 590 7,947
114 —rod-rod — - 1 825,8 427,5
8 — insulators — — 1 638,7 5254
NOTE An eight-unit string of 254 mm x 146 mm suspension insulators mounted in a

geometry similar to that of a steel tower.

1.4 Air-gap model based on the leader propagation representation [4], [30]

gation () and leader propagation ().

r propagation models are based on the numerical representation of these three stag

reakdown process

ppagate and cross the gap after a timé ¢, if the voltage remains high enough.

hen the streamers have crossed the gap, the leaders develop rapidly, with speed
pendent on the applied voltage~The streamers and the leaders can develop from I
o electrodes. The breakdown occurs when the leader has crossed the gap or wh

o leaders have met. The time to breakdown can be calculated by:

tC = ti + tS + tl
peing the time before streamers exist. It can be neglected for practical purposes.
alculation of 7s(streamer propagation time)

Id fortz).
alculation of tl (leader propagation time)

The Teader velocity v|(7) can be calculated using the following formula [4]:

W(0) = glut).dg) (u(t) ~ Upldg — 1)/(dg ~ 1)

hysics of discharge in large air gaps, i.e. air gaps greater than 1 m, has proved that the
down in large air gaps involves three successive phases® corona inception (), streamer

es.

hen the voltage applied to the air gap<exceeds the corona inception voltage, streamers

being
ne or
n the

approximation made in most models is that the streamer phase is completed when the
Itage applied reaches a value leading to an average gradient £ equal to Egq (average

Where g and U, are some functions, d, and /, correspond to the gap length and the leader
length respectively; u(?) is the absolute value of the actual voltage in the gap. The model
considers an equivalent leader propagating from one electrode even if two leaders exist in
reality.

It is considered that the leader stops if u(¢f) drops below Uy(dy—1/). As a practical
application, two types of formula have been proposed for the calculation of the velocity of
the leader:
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v(t) =170 x dg (u(t)/(dg - 1)) - Eg) exp(0,0015 x u(t)/dg)
and

v(t) = k u(z) (u(t)/(a’g - 1)) — Ep)

The parameters k and Ey depend on gap configuration and voltage polarity and values can
be found in [4].

Formula to calculate ¢, for the realistic impulse voltage waveform with a fast front and a

sh
d L

ort tail, which is generated on the air gap of the tower, is proposed in [31], [32].
eader current

le
to

The l6

NOTE

7.6.5.
7.6.5.
An ai

ideal
repres

7.6.5.

In the
overv
sourc
sever

7.6.5.

The dir gap is represented_as a small inductance (1 pH/m) connected to an ideal switch

induc
given

7.6.6

Busb4{
comp

Bicause of synchronization problems, it is difficult to determine a relation betwegd

der current and the velocity of the leader. A linear relation of the type i(f) = ¢¥(7) s
be acceptable with a value of ¢ ranging from 300 pC/m to 400 pC/m.

ader model works for long air gaps.

Other models also exist [28].

] Flashover process
2.1 Ideal switch
gap, once the flashing condition has been verified,.can be simply represented

switch which closes in one time step. If the time st€p is not too small, this model id
sentative. For this type of study the time step may be too small.

.2 Voltage source

bltages due to a high dV/d:. One canithen model the flashing of an air gap by a v
e which decays progressively from the initial voltage to zero in a given time, eq
bl time steps.

2.3 Use of inductance

ance corresponds\to the inductance of the arc. A physical background of this mg
in [47].

Busbar

rs are. represented as propagation elements. Where certain busbars are too
bred to a time step (a few time steps), they can be represented as a single propa

elem

nty'the length of which is the total length of all busbars being considered. For a very

n the
eems

by an
fairly

case of a study using a very small time-step, the last model can lead to excessively high

bltage
ual to

. This
del is

short,
jation
short

busbar, a lumped inductance can be used.

7.6.7

Transformer

Where the transformer’s internal voltage or the transferred voltage from LV-HV, HV-LV is
required, a capacitance may be used in a simplified approach. A more rigorous approach
requires the determination of the matrix of frequency-dependent impedances in order to use it
to calculate the parameters of a model [12], [43], [54]. This matrix is calculated from the
internal structure of the transformer [12] or from measurements [43].

If only the transformer voltages to earth are required, the transformer can be represented by its
capacitances to earth.
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Capacitances of autotransformers can be computed by the following formula [8] which is valid

for a Y connection transformer. For a D connection transformer, C has to be divided by 2.

C=0,52 x p0.4

Where:

Cis th
Pis th

e capacitance in nF;

e rated power in MVA.

The following set of values, as shown in Table 5, is recommended in Japan as the minimum
capacitance to earth [44].

Refergnce [28] proposes the following set of values), as shown in Table 6, for f{

capad

If the
repres
to adg

Nominal voltage

Capacitance

kV nF
500 3
187-220-275 2,5
110-155 1,5
66-77 1

itance to earth of various types of transformer.

Table 5 - Minimum transformer capacitance to earth taken from [44]

Table 6 — Typical transformer capacitance to earth taken from [28]

Voltage 115 400 765
Capacitive potential transformer (pF) 8 000 5000 4 000
Magnetic potential transformer.(pF) 500 550 600
Current transformer (pF) 250 680 800
Autotransformer (pF) 3 500 2 700 5000

Transformer-parameters can also be found in [8].

Circuit-breaker and disconnector

7.6.8

transfer of overvoltage from one side to the other has to be calculated, it is necess
sent the longitudihal capacitance of the transformer (see IEC 60071-2). It is also re
an inductance, whose value is determined according to the size of the transformer,

ypical

ary to
uired

These are represented as capacitances between contacts and between contacts and earth.

Table

7 shows an example of the capacitance value.

Table 7 — Circuit-breaker capacitance to earth taken from [28]

Voltage
KV 400 765
Disconnecting switch (pF) 200 160
Circuit-breaker/Dead tank (pF) 100 150 600
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7.6.9 Lightning stroke

Lightning statistics are considered as being the same all over the world. Regions are
characterized by their ground flash density. It is the number of strokes per year and per unit
area, which is usually expressed as an annual average. The valid information on statistics is
presented in [4] but it is possible to use detection systems to evaluate lightning statistics.
However, up to now, there is no agreement on the accuracy of the data provided by such
systems.

7.6.9.1 Electrical model

An id
voltage source whose maximum value is equal to withstand voltage of air gaps of transmfission
lines ¢an be used, but a current source is preferred.

7.6.9. Waveshape

The durrent waveshape shown in Figure 14 has been widely used. This_Shape is simple and
easy o use.

I

/2

>
t th t ps

IEC 776/04

Figure 14 — Double ramp shape
(t is the front time, p, is the time to half-value and It the crest value of the current)
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Figure 15 — CIGRE concave shape

(source: from Figure 13 [4]))

IGRE concave shape shown in Figure 15 represents-more accurately the concavg
ghtning stroke and usually gives more realistic results.”Reference [4] proposes a m

5sion.

3 Probabilistic distributions for the representation of the first negative
downward strokes

8 summarizes parameters of log=normal representation for the first negative dow,

ires. The probability density’ef a log normal distribution is given by the fol
on.

1

V2mpe

2
z
e 2 where 22%

f(x)=

uted (in\Table 8, it represents I, Sy,).

the crest current, Sy, is the maximum front steepness, ¢ is/the equivalent front duration

front
ethod

pluate, from lightning statistics data, the parameters of a corresponding analytical

hward

s which have been extracted from [4]. The data have been collected from recording to

owing

rmally

2

)

We h

£ 1 L cliateila . 42 VAR VAN ya L ) al
veo, 1O a TUY TIUTTTTar Uiotriovutivuly, LA ] = VI UA}J\?} alid

2
o(x) = M xexp(L-pexp(s?) -1

E(X) is the mean value and o(X) is the standard deviation.
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Table 8 — Representation of the first negative downward strokes

Parameter 3 kA<I<20KkA 1>20kA
M B M B
I, final crest current (kA) 61,1 1,33 33,3 0,605
Derived distributions
Sm/I;, conditional (kA/ps) 12,0 /0171 0,554 6,5 1;0-376 0,554
NOTE The notations used in Table 8 are presented in Figure 15.

Other

IEEE

This f
the ex

Some

For th

7.6.9.

Table
are th

derived distributions may be found in [4].

proposes a simplified formula (see in [10] and [11] for the distribution of the crest cyrrent:

P(Is) =

2.6
(1)

1

31

prmula and the CIGRE representation with two domains_give very close figures exdept at

tremities of the distribution.

experience formulae exist in some countries and{may also be used.

e duration parameter (time to half-value) reference [4] proposes the following data, as
shown in Table 9:

Table 9 — Time to half-value of the first negative downward strokes

Stroke duration (#,) (ps)

30

77,5

200

Cases exceeding tabulated value (%)

95

50

5

subsequent strokes

Probabilistic distributions for the representation of the negative downwayrd

10 gives parameters of log-normal representation for subsequent strokes. The notptions
e same as fonthe first stroke. They have been extracted from [4].

Table-10 — Representation of the negative downward subsequent strokes

Parameters M B
Crest current (kA) 12,3 0,53
Max front steepness (kA/us) 39,9 0,852

For the duration parameter (time to half-value) reference [4] proposes the following data, as
shown in Table 11.

Table 11 — Time to half-value of negative downward subsequent strokes

Time to half-value (th)(us)

6,5

30,2

140

95

50
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7.6.9.5 Representation of the positive lightning strokes

According to [4], there is no comprehensive source of information for the parameters of the
positive lightning strokes. Being very rare (less than 10 % of the total number of lightning
strokes are positive), they are usually not considered in lightning studies, even if they are of

larger

energy.

7.6.10 Metal-oxide surge arrester [60]

Non-linear resistor using 8/20 us characteristics (see IEC 60099-4) equipped with stray
capacitance (only required for GIS) and inductances (linear inductance L'is about 1 pH/m ). An

induc

ance can be added to represent delav. Reference [49]1 nroposes a model repres
L J L 1T Ll Ll

enting

the su
The s

7.6.11

Physi
comp
accur.
mode

7.6.11

rge arrester as two non-linear resistors in parallel.
urge arrester benchmarks are 5 kA, 10 kA, 20 kA and 40 kA.

Earthing electrode of towers

cal phenomena involved when current is circulating through an earthing electrode ig
ex, except for simplified idealistic configurations. It is therefore quite diffic
ately represent at the same time propagation and ionization.. The domain of validity
s presented below is difficult to assess.

1 Simplified model

The fopoting impedance is represented in Figure 16.

—_— IEC 778/04

Figure 16 — Simplified model of earthing electrode

Typical values for L and C are respectively several pH and a few pF. The footing impe

may g

Isobe represented by only a resistance.

quite
ult to
of the

dance

7.6.11.2 lonization model

Because of the high value of earth current during a lightning strike, ionization may be taken into
account and earth connections may be represented as non-linear resistors, the value of which
can be determined as follows (see [4] and IEC 60071-2).

if 1<y R =R

if 1> 14 R(1)=
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with:
- For
O om?
where:
Ry is the low-current and low-frequency resistance (Q);
1 is the lightning current through the footing impedance (A);
Ig is the limit current (A);
e is the soil resistivity (Qxm);
Ey [is the soil ionization gradient (recommended value: £y = 400 kVxm~1).
According to IEC 60071-2, the model is only valid when the tower footing resistance is w(thin a
radiug of 30 m.
7.6.11.3 HF-model
Reference [26] proposes to represent each earthing network segment as a propagation
elemgnt. This type of modelling is still limited and complex and excludes the representafion of
ionization.
7.6.12 Earthing electrode of substations
Earthing electrodes of substations being extended{ the ionization phenomenon, if sugch an
effect|exists, is very local and is likely to produce a.very limited effect. It is therefore not| to be
taken|into account. The simplified model presented previously (7.6.11.1) is usually considered
as adgquate.
7.6.13 Counterpoise
In terms of modelling, a counterpois€g_is equivalent to a propagation line.
7.6.14 Network equivalent
It is pot important for fast-front overvoltages but care should be taken to avoid unrealistic
reflecfion of waves.
7.7 |Representation of network components when computing very-fast-front
overvoltages
7.71 Equivalent circuit for components
Tablel12 presents the equivalent circuit which may be used to represent components. Most of

the information included in this table has been taken from [33].
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Table 12 — Representation of components in VFFO studies

Component

Equivalent

Notes

Loss-free distributed parameter

» Surge impedance is cal-
culated from the physical
dimension

Bus duct transmission line * Propagation velocity taking
into account the effect of
spacers is close to 0,95 of
the speed of light in vacuum

Spacer Capacitance C =10 pF to 30 pF

Elbow| closed disconnector, closed
switch, closed breaker

Loss-free disiributed parameier
transmission line

Propagafion velocity is _clpse to
0,95 of the speed of light

Open pwitch, open breaker

* The breaker is divided into as many
sections as there are interrupters, all
connected by the grading capacitors

* Two equal lengths of bus connected
by a capacitor equivalent to the series
combination of all the grading
capacitors

The parameters‘of the sefctions
are calculated from the
physicatdimensions of the
breaker

Open disconnector

A capacitor

Powell transformer

See IEC 60071-2, Annex E

Current transformer

Can be represented by a Pi“section

Can often be neglected due to
the flashover of their profective
air gap

Gas filled bushing

Can be represented by'a lossless
transmission line terminated by a
capacitance (on the-air side) between
terminal and eafth

C = a few tens of pF

Z approx. 250 Q

Bushing (capacitive type)

Severalc(transmission lines in series
with a\lumped resistor representing
losses

It may be possible to repfesent
the increase of the surge
impedance as the locatioh
goes up the bushing [46]|but a
lumped capacitance is
adequate for a normal stydy

Powell transformer

(termipation)

An equivalent network whose
parameters are evaluated from the
frequency response of the transformer

Aeriallline or cable

(termipation)

A resistance

Its value is equal to the viplue
of the surge impedance df the
line or cable

Surge|arrester.

A capacitance especially if
overvoltages are lower than the
protective level

Switching operations in GIS
generally do not cause syrge
arresters to conduct

The losstess plupagat;un lnres—ofthe—tabte—take—into—accountthe—internalmode (bun uctor
enclosure) and do not take into account the external mode (enclosure-earth), supposing the
enclosure perfectly earthed. If transient enclosure voltages have to be considered the external
mode has to be taken into account because at high frequencies earthing connections may have
a significant impedance.

Because duration time of this kind of overvoltage is very short, components that influence this
kind of overvoltage are those of substations. Outgoing transmission lines act only as surge
impedances.
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7.7.2 Rise time of the wave during breakdown in SFg [33]

During a phase-to-earth fault, the voltage drop at the location of default is similar to the one
between the two terminals of a disconnector.

The rise time of the overvoltage is approximated by

kt
Auls

t, =133

s the rise time (ns);

kt |s the breakdown constant of Toepler = 50 kV ns/cm;

S s the breakdown distance (cm);
Au |s the voltage level just before breakdown (kV).

By usjing the approximation Au/s = (E/p)q p 1 with (E/p), = 860°kV/(cmxMpa), p = gas prgssure
(Mpa)and 77 = Eqgan/Emax = 0,5 .. 0,8 of a normal GIS, the minimum value of the rise timg may
be approximated by

temin (NS) = (1 .. 1.5)/p (Mpa) .

Rouglhness and particles can increase the valuéZof the rise time.

8 Tpmporary overvoltages analysis

8.1 [General
Tempprary overvoltages originate from the following events:

— edrth faults;

— syptem faults leading to switching operations such as load rejection and/or slystem
s¢paration;

— switching a-non-linear component such as an unloaded transformer in a system having low-
frequency.poles;

— shunt-compensated line resonance caused by uneven breaker pole operation;

— s um‘-r\nmpnnqn’rnd pnrnllpl line resonance;

— other events.

Usually the selection of the rated voltage of surge arresters is based upon the envelope of the
temporary overvoltage expected, taking into account the energy capability of the surge arrester
(see IEC 60071-2).

Subclause 2.3.3 of IEC 60071-2 gives some general information on the determination of the
corresponding representative overvoltage in the case of earth fault, load rejection, resonance
and ferro-resonance and synchronization, which can cause longitudinal temporary
overvoltages.
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8.2

Fast estimate of temporary overvoltages

Annex B of IEC 60071-2 proposes a simplified method for the evaluation of temporary
overvoltages due to earth faults only which neglects the effect of non-linearities associated with
the magnetizing impedance of transformers.

In many cases, load flow and system stability analysis (i.e. phasor analyses) are performed in
order to evaluate power-frequency overvoltages and then to select the rated voltage of the
surge arresters which will be used in the system considered. This approach does not permit the
consideration of temporary overvoltages due to resonance and ferro-resonance which may
reach high values but are not normally considered when selecting the surge arrester rated

volta

e and for the insulation design (see IFC 60071-2)

8.3
8.3.1

Detail
cannd

Detailed calculation of temporary overvoltages [2], [9]
Presentation of the method

ed calculation of temporary overvoltages is needed when the effect ‘of non-line
t be neglected, such as for weak systems.

The fame comment applies when temporary overvoltages originated by events differen

earth

More
hereu
case
synch

faults are to be evaluated.

generally, a sophisticated method of calculation of femporary overvoltages, as
hder, is recommended in case of risk of resonancey(related also to non-linearities,

pf risk of uncontrolled power frequency voltage)due to the dynamic performance

ronous machines and their associated regulators:

existi

g when each of these event occurs.

The spuccessive steps of the method. @re as follows:

a) selection of the events to he\.simulated by performing a load flow and a frequency d
analysis;

b) dgtermination of the portion of the system to be simulated in the time domain;

c) simulation, in the time domain, of the electromagnetic transients associated to the eve

th
d) an

8.3.2

b relevant configurations;

alysis of results.

Required data

For |

arities

from

thown
and in
of the

The method consists in detecting the particulaflevents which may lead to TOV and eventually
the c’:{rresponding condition, and then in evaluating, by using simulation tools, the overvo

tages

bmain

nts in

2 d flows:
G—HOW-

— power-frequency parameters of elements,

— loads (active and reactive),

— power exchange among areas.

For frequency domain analysis:

— transformers.

For the determination of the portion of the system to be represented in detail:

— non-linear behaviour of transformers, reactors, loads,

— SVAR compensation.
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For time-domain simulations:

— control system of generators,

— equivalent circuits of the portions of the network not to be represented in detail,

— the same information as in the previous steps for the portion of the network to be
represented in detail.

xiliary

8.3.3 Computational tools

The evaluation of TOV is performed by means of simulation. To this end, three kinds of tools

are available:

— digital computer programmes devoted to time-domain simulation and, as an au
agproach, to impedance versus frequency analysis;

— TNA (transient network analyser), which are analogue (or hybrid) simulators;

— R
as

The dccuracy of the simulation is practically the same for the three<tools; the main diffg

lies in

Other]
behay
of a
transf

Such
the w

8.3.4
8.3.4.

At firg
rough
studig
imped

perfofmed from the gritical buses detected during load flow and from the nodes connec

powe
harmg

near fundamental frequency or low harmonics.

Ther
the sy

DS (real time digital simulators), which are fully based on a digital model of the sy
for conventional digital programmes, but run in real time.

their efficiency.

digital programmes, based on the space state approach, are suitable for determini
iour of non-linear systems: for instance, by using the theory of bifurcations, the evq
state variable as a function of another state variable (for example, overvoltags
prmer as a function of the pre-existent residual flux) can be drawn.

programmes can be a valuable aid mainly in*finding the initial conditions that give
brst overvoltages, which are then to be simulated in the time domain.

Guideline to perform studies
1 Selection of the events.to be simulated in the time domain
t, load flow and system stability analysis are applied after a switching event to asg

y power frequency overvoltages at all nodes of the network. Frequency domain an
s are the conducted. to determine the poles of the positive- and zero-seq
ances of the network as seen from the transformers. The frequency domain analy

stem,

rence

g the
lution
at a

ise to

ertain
alysis
lence
sis is
ted to

electronics wconverters. The poles are critical when they are near fundamental or

nic frequencies. Weak systems typical of developing countries show low-frequency

hnge-of interesting harmonics is up to the 13th. In case of asymmetry, the impeda
stem can be evaluated on a single-phase base. Eigen-value analysis, if available, i

poles

nce of
5 also

suitable to give valuable information.

The portion of the system where overvoltages are detected by load flow and/or stability post-
event analysis must be represented in detail. Weak systems are generally not strongly meshed
and can be represented in complete detail.

The typical events to be investigated are as follows:

— load rejection when long lines, low short-circuit level and system stability are concerned;

— transformer energization for poorly interconnected systems having low-frequency poles and
when load flow analysis detects overvoltages before switching;

— parallel line resonance for double-circuit lines with a high percentage of
compensation;

shunt
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— highly shunt-compensated line resonance — uneven breaker pole operation for long and
highly shunt-compensated lines (more than 100 km) and long cables (in excess of 10 km);

— backfeeding;

— fault application especially in the case of high earth-fault factor;

— fault clearing and line dropping mainly when a nearby transformer has proved to give rise to
critical TOV following its energization;

— line energization: this is particularly interesting for long lines when the post-event load-flow
analysis detects high voltages on transformers. Line energization of a long line by a weak
system should be carefully investigated;

- ¢l
ar

— SW
ng

For s
load 1|

For w
energ

sing of capacitive loads: usually not of interest except if high post-event overvo
se, as shown by load-flow analysis.

itching of inductive current: usually the overvoltages do not last for a long.time ar
t critical from a TOV point of view.

rong systems, the events to be usually considered, in decreasing order of priorit
ejection, transformer energization, fault clearing, fault application and backfeeding.

eak systems, the events considered for strong systems have to be considered, b
zation and line re-energization have to be considered as well.

In ordler to obtain realistic TOV scenarios, all actions, associated with the most re

proted

8.3.4.

P Determination of the portion of the system to be simulated

In general, all the network where the prime eVent occurs, is to be modelled in detail, wh

netwo
repreg
transf

Weak
mesh
lines,

mode

Stron

rks (at different nominal voltage) which are interconnected through transformers g

prmer terminals.

systems, i.e. systems with-low short-circuit currents which are often not (or p

they are relatively simple and have few components. Therefore, in this cas{
ling of all the netwerk at the voltage level where the event occurs is relatively easy.

) systems, ie.~systems with high short-circuit currents, are typically meshed ar

therefore complex;to model. Such systems, however, are less risky from the point of v

TOV,
repres
netwo

since apy.‘event in general causes a small voltage variation in any bus. If the cor
bentation-0f a whole system of this type is too cumbersome, the detailed model
rk canbe limited to a portion near the prime event.

tages

d are

y, are

ut line

evant

tion and automatic switching systems in the network should be predicted and simulated.

ereas
an be

bented by equivalent circuits with #he same impedance versus frequency seen by the

oorly)

bd, are typically risky from the point of view of TOV; even if these systems hav¢ long

2, the

d are
ew of
nplete
of the

A simple criterion to select this portion consists of the calculation of the steady-state (load-
flow) solution after the event with the simplifying hypothesis that all components be linear; the
portion of the system where the voltage goes over the "highest voltage of the system" and
where non-linear inductive components (transformers, saturable reactors) are connected, is to
be represented in detail; the remaining part of the system can be represented by equivalent
circuits.

In these equivalent circuits, both positive- and zero-sequence impedances versus frequency
have to be covered. The important factor is the frequency of the poles, while the residues are
of less importance.
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8.3.4.3 Analysis of configurations and events by simulation in the time domain

This analysis is compulsory because it gives the amplitude and the duration of the transient. An
adequate duration of the simulation is required (not less than 200 ms and up to 1 s). This long
duration obliges the control systems of FACTS devices and the synchronous machine
mechanical dynamic to be represented with an automatic voltage regulator (AVR) and
governor. The worst configurations and associated events are to be detected by a deterministic
approach (usually a probabilistic approach is not necessary).

Therefore, several simulations have to be performed to detect the worst configurations. All the
possible configurations, even black-start, have to be considered.

9 Sjlow-front overvoltages analysis

9.1 |General
9.1.1 Origin of SFO
SFOjenerally arise from (see 2.3.3 in 60071-2):

— line energization and re-energization;

— fallt and fault clearing;

— lo&d rejection;

— switching of capacitive or inductive currents;

— di

stant lightning strokes to the conductor of overhead lines

but thiis last cause of overvoltage is not considéred critical and is therefore not considefed in
insulgtion co-ordination procedures.

9.1.2 The particular case of phase:to-phase overvoltages [61]

The ptudy of phase-to-phase «overvoltages poses a particular problem for insylation
confiqurations in which the dielectric strength between phases depends on its subdivision
between components. Such is the case for large air clearances (corresponding to rangq 2) or
three{phase, enclosed gas-insulated substations.

In order to simplify the.study of this type of overvoltage, Annex D of IEC 60071-2 propoges to
take ipto account insutation characteristics by considering two instants:

a) the instant<ef-phase-to-phase overvoltage peak — it gives the highest phase-to-phase
overvoltage value;

e phase-to-phase overvoltage at the instant of the phase-to-earth overvoltage peak.

The dependen betweenthedieleetr ergth—of-the—insulation—andthe—voltage—eomponents
leads to the consideration of two variables which are the positive component and the absolute
value of the negative component at each of the instants specified above.

In insulation co-ordination studies, it is necessary to consider globally the phase-phase-earth
system (it is not possible to treat separately the phase-phase insulation and the phase-to-earth
insulation) and the representative overvoltage is determined based on the two variables.

9.2 Fast methodology to conduct SFO studies

IEC 60071-2 gives in 2.3.3 some indication as to which of the events listed previously have to
be taken into account when performing an insulation co-ordination study. It also gives some
fast estimates of slow-front overvoltages.
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a) Figure 1 of 2.3.3.1 (IEC 60071-2) gives the range of the 2 % overvoltage values which may
be expected between phase and earth at the receiving end of a line energized or re-
energized, taking into account the effect of most of the factors determining the
overvoltages. This figure may be used as an indicator to know in a given situation whether
the overvoltages are to be taken into account or not.

b) Simplified methods exist. Subclause 2.3.3.2 of IEC 60071-2 presents formulae enabling the
calculation of a conservative estimate of the assumed maximum phase-to-earth
overvoltage occurring at fault initiation or fault clearing.

c) Annex D of IEC 60071-2 proposes a general approach including several levels of
simplification to determine the representative slow-front overvoltage due to line
energization and reclosing. This approach allows the case of a phase-phase-earth over-
vdltage to be treated, taking into account the dependency of the phase-phase withstand of
the air insulation with the subdivision of the phase-to-phase overvoltage into two(phalse-to-
edrth components. It does not require the use of a simulation tool.

Howeyer, a deterministic approach may also be implemented, using a simulation tool, in|order
to haye a quick estimate of the maximum overvoltage that can be genefated in a ngtwork
subjeg¢ted to a switching operation or a fault. Only a small amount of etectrical simulation is
requined. The user has to guess the network configuration that will give rise to the hjghest
overvpltages and determine the breaker switching times or fault.occurrence time that will
induce¢ the highest overvoltages. The limit of the approach is that the risk cannot usuglly be
assessed. The user should take care to avoid too optimistic conclusions.

9.3 |Method to be employed

Studigs are usually based on an estimation of the probability distribution of the representative
overvpltages obtained by a series of time-domain simulations, from which the risk is calcylated.
For instance, in the case of line energization, different closing times of the breaker mjay be
chosgn randomly, applying the Monte-Carlomethod, one time-domain simulation |being
perfomed for each closing time. The next subclause is a guideline to implement such sfudies
and describes two methods. The first one_is called full statistical because it takes into agcount
all variables that have an influence onZthe overvoltage (closing times of breaker buf also
netwark configuration) considering their probability of occurrence. The second one is a|semi-
statisfical one. In this one, the configuration of the network is considered as fixed.

Practical experience from the€ participating members indicates that the semi-statistical method
is pre’terred for "line operations": line re-energization, line energization, fault application. The
deterministic method sheuld not be used if phase coupling exists. The deterministic method
(with |several values.-©of) chopped currents) is used for reactive device operations (reactor
switching and capacitor bank closing), but semi-statistical methods can also be implemented.

9.4 |Guideline'to conduct detailed statistical methods

9.4.1 Application of a full statistical method

9.4.1.— Whatisevaluated

The results of this method are overvoltage distributions from which the risk is calculated as
described in IEC 60071-2. The statistical behaviour of insulation can be included, and, in this
case, the result obtained is directly the risk of failure.

9.4.1.2 Principles

This method most closely resembles the real configuration. All variables that may influence the
overvoltages are taken into account. These variables are principally closing times of a breaker,
time of fault occurrence, location/type of fault, network configurations and short-circuit power.
With this method, none of these variables are considered as a constant. Once all variable
parameters have been identified, their range of possible values and the probability of each
value (or sub-range of values) has to be known.


https://iecnorm.com/api/?name=6f1779dead36955ea021e953b852a411

-50 - TR 60071-4 O IEC:2004(E)

Electrical simulations are performed. The risk is evaluated using the probability associated with
variables and the results of the electrical simulations. For instance, Monte Carlo can be
applied.

9.41.3 Required data
The required data is as follows:

— list of all possible configurations and operations;
— probability of each configuration;
— location of the fault;

— nymber of operations per year;
— main breaker probabilistic data:
* [ mean time of closing,
| standard deviation of closing time,
| type of distribution of closing time,
* | pre-strike information;
— ayxiliary breaker statistical data (if present):
* [ mean insertion time,
* | insertion time standard deviation,
| type of distribution of insertion time;
— ingulation behaviour:
» [ withstand voltage,
| standard deviation of withstand voltage;
— elgctrical parameters of all elements.

9.4.2 Semi-statistical method
9.4.2.1 What is evaluated
This method gives an estimation of the overvoltage distributions, taking into account dertain

confiqurations. Afterwards, risk of failure can be calculated with the methodology explained in
IEC 6p071-2.

If the|insulation<statistical behaviour is included, the risk of failure can be calculated djrectly
(this ip seldom-performed).

9.4.2.p Principles

This method is similar to the full statistical method except that only some configurations are
considered. Several strategies are possible. The most probable configurations are often
considered but it is sometimes valuable to consider only the worst case.

9.4.2.3 Required data

This method requires the same data sets as those required for the full statistical method
except that only variables associated with few considered configurations are necessary.
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9.4.3

9.4.3.

Modelling aspects

1 How far to represent the network

The network surrounding the event that is the cause of the slow front transient has to be
represented. The depth of modelling is one or two substations. The following schemes (Figures

17 an

This
conne
After
based

The more extensively the network is:.fepresented, the more accurate the results w

Gene
So a
subst
netwo

with gnother capacitive charge? It should also be pointed out that a two-substation netwo

give n

Usual
netwo

operations (reagtor switching and capacitor bank closing), the network is represented

simpl

d 18) show two examples of network representation.

Network Line Operated line
equivalent ad 7
\“0: £1) Subst. ” Subst. 7

IEC 779/04

Figure 17 — Example of a one-substation-deep network modelling

Network Line Line Operated line
equivalent -Q
(%0 21)  |subst. Subst. Subst. §

IEC 780/04

Figure 18 — Example of a two-substation-deep network modelling

ast scheme is called two-substation deep beCause, besides the substations d
cted to the line on which the transient appears, two other substations are repres
these two substations, the rest of the network is modelled as a Thevenin equi
on positive- and zero-sequence impedances.

ally, the more deeply the network-is represented, the more damped the overvoltage
one-substation deep network. will generally give higher maximum values than 4
htion one. However, in the €ase of switching of capacitive current, a two-substation
rk may lead to higher oyervoltages because the switched capacitive charge may res

nore information about harmonic resonance.

y, for "line operations" (line re-energization, line energization, fault application
rk is represented up to two substations from the operated line. For reactive ¢

, but the-reactive device has to be precisely modelled.

9.4.3.

R The modelling of breakers

rectly
ented.
valent

Il be.
s are.

two-
-deep
onate
rk will

), the
levice
very

The statistical switch described in 7.5.10.1 must be used in statistical methods.

The deterministic method may be used as a first and quick estimation. In this case, an ideal
switch may be used according to 7.5.10.1.

To study the opening of reactive elements, it is recommended that the arc model described in
7.5.10.2 which can predict the possibility for a given breaker to open such currents be used. An
ideal switch may be used if there is some means of estimating the chopping current.

If the relevant data is available from experiment, TRV studies should be carried out with the
restriking breaker presented in 7.5.10.1.
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As a simplification, an ideal switch can be used and the TRV calculated can be compared with
the TRV withstand level of the breaker.

10 Fast-front overvoltages analysis

10.1 General

Fast-front overvoltages are mainly due to lightning but they can also occur when equipment is
connected to, or disconnected from, the system via short connections (IEC 60071-2) or when
external insulations flash over. These two cases are not considered in this subclause.

Apprdaches to perform FFO studies may be classified according to two criteria:

— the use or not of an electromagnetic transient programme;
— the application or not of a statistical approach.

This ig illustrated in Table 13.

Table 13 — Types of approach to perform FFO«studies

Use of an electromagnetic transient No use of an electromagpetic
programme transient programmg¢

1 Semi-statistical method and
Statistical approach 2

Statistical method described in
10.2

No stafistical approach 3 Deterministic appreach described |

below
simplifled statistical approach 4 Method deseribed in Annex F of 5 Method described in Annex F
P PP IEC 6007422 of IEC 60071-2

The following is a brief description of(the approaches.

10.1.1 Semi-statistical method

This method presented _ih 10.2 gives an estimation of the risk of failure of equipment in a
system with a predetermined configuration. An electrogeometric model is used to evaluate the
lightning incidence (on~ the aerial part of the system and an electromagnetic trapsient
programme is used\to evaluate the overvoltages generated by the lightning strokes.

10.1.2 Statistical method

This method presented in 10.2 gives an estimation of the risk of failure of equipmer1t in a
system taking into account all the possible configurations of the system

10.1.3 Deterministic approach

Applications of this type of approach are used at present in Japan [52] and in many other
countries. From experience, the minimum value of lightning current at a specific point of impact
has been determined, which produces overvoltages that the equipment has to withstand. This
is called the representative lightning stroke current and it usually depends on the system
voltage and the type of equipment considered (GIL).
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10.1.4 Method described in Annex F of IEC 60071-2

The method consists in:

a) calculating a lightning current with the desired return rate using lightning data and the
back-flashover rate or the shielding failure rate within the limit distance, whether shielding
penetration or back flashovers are considered,

b) calculating the amplitude of the impinging surge at substation based on several simplified
assumptions,

c) using the impinging voltage surge evaluated previously to perform a travelling wave
calculation within the substation.

10.1.3 Method described in Annex F of IEC 60071-2

A conpplete analytical approach is proposed assuming that the configuration of the'substafion is

very §imple, a surge arrester or a spark gap is installed only at the substation entrance apd the

overvpltage at a tower is generated by the tower footing resistance, neglecting further indrease

due tq the tower surge impedance.

of the

The Use of an electromagnetic transient programme allows a more accurate estimation
overvpltages. For this reason, the methods presented below will be based on the use of guch a
programme.

10.2 | Guideline to apply statistical and semi-statistical methods

10.2.1 General

The application of such methods in summarized_ invFigure 19.

External constraints

Ground flash density Statistical
(characteristic of the area)

or
Risk of
failure
nternal constraints Semi-statistical
Jdharactefistic of the system method
(withstand voltage of equipment,
eprthing characteristics)
Lightning probabilistic data
(independent of the area)
IEC 781/04

Figure 19 — Application of statistical or semi-statistical methods


https://iecnorm.com/api/?name=6f1779dead36955ea021e953b852a411

- 54 - TR 60071-4 O IEC:2004(E)

In both methods, the random nature of lightning is considered. The difference between the two
methods is related to the accounting of the possible configurations of the system. In the semi-
statistical method, the system is considered as fixed. For example, the number of circuits of
the line connected to the substation and the configuration of the substation are deemed as
fixed. On the contrary, when applying a statistical method, all the configurations of the system
which may exist are taken into consideration. For example, the number of circuits connected to
the substation and the different possible configurations of the substation will need to be taken
into account.

The main successive steps of these methods are as follows:

« D . by a
Iigjhtning stroke increases with the travelling distance of the travelling wave. When the

distance between the point of impact and the equipment is sufficient, the lightning stroke
will not provoke an overvoltage of sufficient amplitude between the termimals o¢f the
equipment and the earth to be considered. So for distances larger than the'imit distance,
lightning strokes do not have to be considered.

e Eyaluation of the number of lightning strikes impacting the aerial-parts, within the limit
distance, per year, and evaluation of the probabilities corresponding-to the point of impact
and crest value of the lightning current.

« Determination of the risk of failure of equipment for one configuration of the system.

» Egtimation of the risk of failure of equipment, taking “into account all the pgssible
canfigurations of the system in the case of statistical methods, or only one configuration in
the case of semi-statistical methods.

10.2.2 Required data
The application of these methods requires thecfollowing data:

— Configuration of substations (location” and characteristics of equipment) and, [ more
ggnerally, of the system to be protected against FFO (cable);

— Wijthstand voltage of equipment*(transformer, circuit-breaker and others);

— Characteristic of protection . equipment (surge arrester, air gap);
— Ndimber of circuits of the line;

— Characteristics of phase conductors;

— S4g of conductors and shielding wires;

— Gegometry of tewers (position of conductors and shield wires);
~ o

— Tqwer/footing arrangement;

aracteristic of shield wires;

— Flashover characteristics of insulator strings and arcing horns;

— Characteristic and position of line surge arresters;
— Ground flash density.

10.2.3 Determination of the limit distance
IEC 60071-2 proposes a simplified formula to determine the limit distance based mainly on the

assertion that the steepness of the impinging surge is reduced significantly by the number of
overhead lines connected to the substation and the damping due to corona effect.

It is generally more accurate to determine the limit distance using a simulation tool.
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10.2.4 Evaluation of the number of lightning stokes impacting the line, within the limit
distance, per year, and evaluation of the random distributions of peak current
associated with these lightning strokes

10.2.4.1 Average attractive radius — strokes impacting the towers and the shield wires

Reference [4] proposes an expression to evaluate the number of lightning strikes impacting
100 km of line per year, based on a notion of attractive radius R, which relates on a simplified

leader model and on observations on practical transmission lines:

Ry (m) =14 x (198 and N = Ng (2 x Ry + b)/10

wherg
Ht  [is the average tower height (m);

N, [is the number of lightning strikes per year and per 100 km;
is the ground flash density (flashes/km?2/year);

b is the distance between shield wires (m).

The probabilistic distributions to be used for the electrical representation of the lightning gtroke
are detailed in 7.6.9.3. The results are usually considered as conservative.

For a| line equipped with shield wires, it is commonly considered that 40 % of the sfrokes
terminate within the span and 60 % terminate at the towetx

10.2.4.2  Attractive radius versus crest value of.the stroke current: strokes impactjing
the towers and the shield wires

The following formula can be applied to evaluate the number of lightning strikes per year and
per 100 km, N :

300
j 2% R(I) +b)fo(1)dI

wherg
Ng is the ground flash.density (flashes/km?2/year);
1 is the crest value of the lightning current (kA);

R(I) |is the attractive radius of the line for 7 (m);
b is the distance between shielding wires (m);
fg is the probability density function of the lightning current striking the ground.

10.2.4.3 Direct application of an electro-geometric model

The probabilistic distributions to be used for the electrical representation of the lightning stroke
that are given in the 7.6.9.3 are valid for this one (see Figure 20).
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Output data
Input data
For each tower within
- Ground flash density ‘ L the limit distance:
Application of the - the number of lightning
strokes impacting
electrogeometric For each span within
the limit distance:
- Probabilistic repartition model - the number of
of the crest value of the strokes impacting
lightning current on the ground - their repartition
along the.span
The conditional probabilistic
fepartition
#fpoint of impact)
Geometrical structure
of the overhead line
IEC 782/04
Figure 20 — Application of the electro-geometric model
10.2.5 Determination of the risk of failure for one configuration of the system [22]
s the

The ;Lrobability density function corresponding to the failure of an equipment F(u)

proba

of obgerving an overvoltage of maximum amplitude « given by f,(u), that is to say:

Therefore, the probability of failure, considering all overvoltages, is (see IEC 60071-2):

P(u) gan be also considered as the probability to have a voltage u4 lower than the voltage

ility of insulation breakdown at a:stress of u given by P(u) times the density of prob

F(u) = P(u) fy(w)
B = [ fuu)P(u)du

P(u) = P(Uq < u)

ability

s

By definition Uy is called the disruptive voltage. Uy and U are independent probabilistic

variab

les.

Fe = [ fu )] fugdug)du
U o

Therefore, an equivalent formulation can be used for the risk of failure:

= ”fu () fugy (g )dudug

uq<u
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U is a function of basic variables X, namely lightning current parameters, point of impact of the
lightning stroke, instantaneous angle of the operative phase voltage:

B = ”fx(X)fud(Ud)duddx
ug<u(x)
We can define the state of the system:

* [uq—u(x) > 0] provides the safe state;

e [ugq — u(x) < 0], the failure state, which is the domain of integration for probability;

e and the boundary [g(x) = 0] is the limit state surface. See Figure 21.

A

Failure domain

& Limit state surface g(X) =0

Lightning current

Safe domain-Uy > U

>

Disruptive voltage

IEC 783/04

Figure 21 — Limit function for the two random variables considered:
the maximum value of the lightning current and the disruptive voltage

The grocedure to determine the probabilistic representative overvoltage is the following: the
functipn fy has been determined in the previous steps:

+ the limit distanee defines the domain of variation of X;

* fx|has beendefined using the electro-geometrical model.

An approximation of the limit state surface is performed, using an electromagnetic trapsient
programme. The waveshape obtained by numerical simulations may not correspond {o the
standard shape (see TEC 60071-1). However, the overvoltages calculated are usually
considered as the representative overvoltages. The approximation of the limit state surface
may be restricted to a domain of interest based mainly on the assumption that only the
configurations of basic variables having a sufficient probability of occurrence are of interest for
the evaluation of the risk. The probability of failure is calculated and then the risk of failure is
determined using the ground flash density which has been associated to that particular
configuration of the system. The final calculation of the probability of failure can be performed
using Monte Carlo methods or other methods like FORM/SORM [42]. The risk of failure is
estimated by multiplying the probability of failure by the average number of occurrences per
year of overvoltages due to lightning.

10.2.6 Determination of the risk of failure for all the configurations

The risk of failure is the sum of the partial risks of failure determined in the previous step.
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11 Very-fast-front overvoltage analysis

11.1 General

VFFO arise within a gas-insulated substation (GIS) any time there is an instantaneous change
in voltage. Most often this change occurs as the result of the opening or closing of a
disconnector switch, but other events, such as the operation of a circuit-breaker (for instance,
the de-energization of a shunt reactor), the closing of an earthing switch or the occurrence of a
fault can also cause VFFO. Surge arresters are not effective to control these overvoltages due
to their extreme rate of rise.

Their [geT T and propagation from tneir original_tocation througnout a an prpduce
internpl and external overvoltages. The main concern is internal overvoltages betwegn the
centreg conductor and the enclosure. However, external transients can be dangerolyis for

seconldary and adjacent equipment. These external transients include transient vo|tages
betwegen the enclosure and earth at GIS-air interfaces, voltages across insulating spacers in
the vitinity of GIS current transformers when they do not have a metallic screen on the optside
surfage, voltages on the secondary terminals of GIS instrument transfermers and ragiated
electrpmagnetic fields (EMF) which can be dangerous to adjacent contrélor relay equipment.

VFFQ generally have a very short rise time, in the range of 4 ns to"100 ns, and are nofmally
followed by oscillations having amplitude values in the range of A5 to 2,0 per unit of the [ine to
neutral voltage crest, but they can also reach values as high.as"2,5 per unit. These valug¢s are
generplly below the LIWV of the GIS and connected equipment. VFFO in GIS are of greater
concgrn for range 2 equipment, for which the ratio of thedLIWV to the system voltage is Jower.
Some| equipment failures and arcing problems between earthed parts have occurfed at
systefns voltages above 420 kV, they have been. correlated with disconnector switch and
circuif-breaker operation.

11.2 | Goal of the studies to be performed
A brgakdown of a GIS due to VFFO.\“nhot being acceptable, studies consist in detecting
confidqurations leading to flashover due to VFFO. This matter has been covered by IEC 62271-

102 [66]. Usually a deterministic_approach is applied to find the worst VFFO. In general, the
worst|configurations correspond ta'the ones with the minimum number of bays connected

11.3 [ Origin and typology of VFFO

VFF(Q are mainly due-te

a) disconnector.opéeration,

b) cifcuit-breaker operation,

d) infernal fault including both a.c. and d.c. flashover,
e) earthing switch operation,

f) disconnector switch operation.

These are the main causes of VFFO. During a disconnector operation a number of prestrikes
or restrikes occur due to the relatively low speed of the moving contact. During closing, as the
contacts approach, the electric field between them will rise until sparking occurs. The first
strike will almost inevitably occur at the crest of the power-frequency voltage, due to the slow
operating speed. Thereafter, current will flow through the spark and charge the capacitive load
to the source voltage. As it does so, the potential difference across the contacts falls, the spark
will eventually extinguish and trapped charges may be left on the insulated busbar. The VFFO
of the subsequent strike may lead to higher voltage magnitude.
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11.3.1 Circuit-breaker operation
Physical phenomena appearing during this type of operation may be the same as for the

disconnector switch operation but the stress is usually less severe. One particular case is
circuit-breaker re-ignition when switching small inductive loads (see IEC 61233).

11.3.2 Internal faults

This is not usually a critical aspect, except for external overvoltages (see 11.3.5).

11.3.3 Earthing switch operation

This if the same mechanism as for internal fault but the stress is less severe.

11.3.4 Internal transients

Internal transients are transients between inner conductors and the ehcapsulation| The
propagation of VFFO throughout GIS can be analysed by representing GIS.sections as loyw-loss
distriquted parameter transmission lines. The internal damping of the transients influencing the
highest frequency components is determined by the spark resistance’~Skin effects due [fo the
aluminium enclosure can be neglected. The main portion of the damping of the very-fast-front
transipnts occurs by out-coupling at the transition to the overhead line. The trapped dharge
remaining on the load side of the disconnector has a strong influence on the level of VFFOD. For
a nofmal disconnector, the maximum trapped charge ~teaches 0,5 p.u. and results in
overvpltages in the range of 1,7 p.u. and reach 2,0 p.u. fap specific cases.

11.3.§ External transients

The mechanism that generates the external transients from the internal transients cpn be
analysed by considering GlS—air interface to{ be a connection of three transmission lines as
shown in Figure 22. GIS internal transients arriving at the GIS-air interface are then |partly
transmitted to overhead lines, partly traf@smitted to enclosure and also partly reflected [in the
GIS.

Ovefhead line

A

Coaxial bus

@ Zp =4 4 Overhead line /BUS conducter
e / Z £ ©
1
.4 @ @-‘ Zy
V4
\ | / @

Earthplane

Bus enclosufe

Earthplane

IEC 784/04 IEC 785/04
a) Actual configuration b) Schematic configuration

Figure 22 — At the GIS-air interface: coupling between enclosure and earth (Z3), between
overhead line and earth (Z,) and between bus conductor and enclosure (Z;) [33]
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11.3.5.1 Transient enclosure voltages (TEV)

Transient enclosure voltages are short-duration, high-voltage transients which appear on the
enclosure of the GIS through the coupling of internal transients to enclosure at enclosure
discontinuities. The usual location for these voltages is the transition GIS-overhead line at an
air bushing, such as visual inspection ports, insulated spacers for CTs or insulated flanges at
GIS and GlIS/cable interfaces. In general, TEV waveforms have at least two components which
are damped quickly: the first one has a short initial rise time and is followed by high-frequency
oscillations (range of frequency 5 MHz to 10 MHz); the second component is of lower
frequency, hundreds of kHz and is often associated with the discharge of capacitive devices to

the earthing system. TEV generally persist for a few microseconds. Their magnitude is in the
range of n71 p_ll_fn ﬂ,Q P

11.3.8.2 Transients on overhead connections

A portion of the travelling wave incident at a gas-air transition is coupled onto’the ovdrhead
conngctions and propagates to other components. In general, it has two different
chararteristics:

— a fast-front portion having a rise time in the range of 20 ns;

— ar| overall waveshape having a typical very significant oscillation® of frequency in the|order
of[10 MHz.

11.4 | Guideline to perform studies

The main concern from the point of view of insufation co-ordination is related to internal
transipnts. External transients deal with electromagnetic compatibility aspects (trahsient
induction on auxiliary conductors and personnel health and safety). For modern GIS, thg main
concegrn is to assess the VFFO occurring when an internal discharge takes place, mdinly a
discompnector operation.

To perform studies, the system considered is represented using for each componept the
modelling specified in 7.7.1. The parfiof the system to be represented in detail is limited [to the
GIS.

12 Tlest cases

12.1 | General

The aim of this«Clause is to show how the methodology presented previously can be applied in
practifal studies."In order to do so, one test case is presented for each type of study.

Supplrementary test cases can be found in the annexes .

12.2 Case 1: TOV on a large transmission system including long lines

This section summarizes results of a test case of TOV on a large 735 kV system including long
transmission lines. As suggested in 8.3.4, the test case has been performed in two steps:

e Step 1: A stability programme is used to detect the system configurations and events which
may lead to severe TOV.

e Step 2: Electromagnetic transient simulations are performed to assess more accurately the
level of overvoltages which may appear on the system. Dynamic source models have been
used for TOV simulations taking into account the system dynamic behaviour during severe
electro-mechanical disturbances that were observed in step 1.


https://iecnorm.com/api/?name=6f1779dead36955ea021e953b852a411

TR 60071-4 00 IEC:2004(E) -61-

12.2.1 Description of the test-case system

The test-case system, as illustrated in Figure 23, is a long radial system. The three main
generating centres, No. 1 (8 100 MW), No. 2 (5 600 MW) and No. 3 (15 600 MW), are far away
from the load centre. The length of the two major transmission corridors running from the Nos.
2 and 3 to the load centre is approximately 1 000 km and that from No. 1 to the load centre is

about

+« Switched shunt reactors

400 km. The following equipment has been used for reactive power compensation:

(number of 165/330 MVAr units totalling 25 000 MVAr);

e Synchronous compensators (9 x 250 MVA);
e Static VAr system (SVS) (11 x 300 MVAr);
» Sgries capacitors (32 banks adding up to 11 200 MVAr).

Furth¢rmore, three system-wide automatic switching schemes have also been implemented in

this tr

® a

e ar automatic generation rejection and remote load shedding scheméalled RPTC [41];

b an
[3

12.2.2

Syste
syste
two i
condi

ansmission network:

shunt reactor automatic switching system called MAIS [40];

D], [55].

Step 1: Detection of the system configuration and events leading to severe
using a stability programme

M stability study shows that, in case of misogeration of the RPTC, this transm
could be unstable following a three-phase-fault at CHM7 with the loss of three
es CHM-JCAY and one line CHM7-SAG7, These disturbances would lead to out-of-

automatic system, namely SPSR, using switched metal-oxide Surge arresters (SMOSA)

TOV

ission
lines:
phase

ions on the three lines connecting\kVD7 to the load centre. Subsequently, the

simulfaneous tripping of these last three lines by their distance-relay based protections makes

the sy
to Fe
centrg

stem full-load rejection (or separation). Following a system separation, severe TO

s. This system separation scenario has been simulated using a stability program
lowing switching sequence:

t = 0, the system is under steady-state peak-load flow condition.

t = 6 cycles, a threesphase fault at CHM7 is initiated.

t = 12 cycles, the-three-phase fault at CHM?7 is cleared simultaneously with the trip-
e three lines CHM7-JCA7 and CHM7-SAG7.

t = 27 cyeles, the total generation of 4 400 MW at TIL7 is successfully rejected
tions of\the RPTC. However, the remote load shedding function is not active ¢
soperation of the RPTC.

the fo
« At
o At
o Af
th
o Af
ag
m
o Af

=565 cycles, the three lines connecting LVD7 to the load centre are tripped by acti

V due

rranti effects appear on long unloaded lines which are still connected to gengrating

me by

out of

by the
ue to

bns of

their distance-relay-based proteciions under out-of-phase conditions making the system

se

paration.
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Figure 23 — Single-line diagram of the test-case system
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The results of the stability programme are illustrated in Figures 24 and 25. Following three-
phase fault clearing and loss of the three lines CHM7-JCA7 and CHM7-SAG?7, the rates of rise
in frequency at the various generating centres are not the same. Out-of-phase conditions
between No. 3 and Nos. 1 and 2 are reached at ¢t = 55 cycles (0,9166 s) when the difference in
frequency of these generating centres is approximately equal to 1,0 Hz or 0,016 p.u., as
illustrated in Figure 25. At the same instant, the voltages at LVD7 and CHE7 reach their
minimum before the system separation takes place (Figure 24). Following the system
separation, very high TOV occur on long unloaded and slightly compensated lines that are left
connected to generating centre No. 3. As a result, the prospective TOV of 2,5-2,7 p.u. were
observed at LVD7 and CHMY7. These prospective TOV are much more severe than those
occurring on the sound phases during single phase-to-earth faults. Although voltage regulators
i eratihg : oreduee SYeray 0 i R ime—period
of 30| cycles, their effects are not sufficient to bring TOV down to a safer level for|system
equipment (Figure 24). It should be mentioned that the results of the stability programme do
not include the non-linear effects of transformer saturation and metal-oxide surge arrgsters.
Thesg effects limit the expected TOV on the real system. Therefore, detailed eléctromapgnetic
transient simulation including system dynamic behaviour, transformer saturation and metal-
oxide[surge arresters is needed in order to obtain more realistic TOV.

..... aDNlao and hao e aacn da o T oo o - o o
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>° System
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‘ .
0,0
0,0 ‘|‘ 90 [ &80 27,0 36,0 450 54,0'[ 630 720 81,0 90,0
t 2 12)cycles Time cycles
t =6 cycles t = 55 cycles

IEC 787/04

Fig1ure 24 - TOV at CHM7, LVD7 and CHE7 from system transient stability simulatjon
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1,08 ) . Generator frequencies at
GEN. CENTRE no. 1 and 2

106 Generator frequencies at
' GEN. CENTRE no. 3

Ffequency p.u.

12.2.3

12.2.3.

The s

represented by detailed three-phasg electromagnetic transient simulation using the foll
models.

¢ Dynamic sources

In order to represent system dynamic behaviour, all generating stations and all Thd
equivalents were simulated by the dynamic source models described in 7.4.1. The two ¢

signa

syste
with

saturg
accur

simuIFion of step\4: This play-back simulation technique can only be used to inclug

q
A

1,02

1,00 — — —
0 36 45 54 63 72 81 90

Time cycles
IEC 788/04

Figure 25 — Generator frequencies at generating centres Nos. 1, 2 and 3
from system transient stability simulation

Step 2: Electromagnetic transient simulation

1 System modelling

stem configuration and events leading to severe TOV that were detected in step 1

s J(¢) and Vi(z),_as illustrated in Figure 26, were calculated from the results of the st
dynamié behaviour which was previously predicted by a stability programme. Hoy

tion-and metal-oxide surge arresters, electromagnetic transient simulation will givel
bte results of TOV on the system.

were
owing

venin
riving
ability
e the
vever,

he detailed representation of system non-linear characteristics such as transformer

more
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Cos(211%)
a0 180 Cos()
Sin()
Sin(21y7)
Vi(t)

) IEC' 789704
/= system frequency

Vo(?)  Vi(¢) Cos(21y%) + (t), where:

Vi(t) gnd J(¢) are magnitude and angle of generator
internal voltage obtained from transient stability simulation

Figure 26 — Block diagram of dynamic source.model [55]

¢ Tnansmission lines

All trgnsmission lines were represented by three-phase-distributed line models using p
and zero-sequence line parameters at fundamental fréguency.

« Tnansformers and auto-transformers

Saturgble transformer models have been used to represent all transformers and
transfprmers in the system. A typical saturation curve having a knee point of 1,2 p.u.
slope|of 30 % in the saturation regionchas been used to represent transformer satu
chararteristics.

Dsitive

auto-
and a
ration

d flow
o the
made

valent
from

All SVS and HVDC interconnection were also represented by equivalent dynamic source
models. The internal impedances of these equivalent dynamic source models were set so high

that they would not modify the system strength. All necessary data to control these dy
sources are also collected from the results of the stability simulation of step 1.

* Metal-oxide varistors protecting series-capacitor banks

namic

All metal-oxide varistors protecting series-capacitor banks were simulated by non-linear

models representing their V-I characteristics at low-frequency injected currents (ms
front).

e Surge arresters
Two types of metal-oxide surge arresters have been used in the test case system.

wave
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* Permanent metal-oxide surge arresters having a rated voltage of 588 kV or 612 kV

The permanent 588 kV or 612 kV surge arresters were installed at different locations in each
735 kV substation such as: shunt reactor terminals, power transformer terminals, line side of
line circuit-breakers, etc. Their switching impulse protective levels are approximately 1,90-
2,0 p.u.. These metal-oxide surge arresters were simulated by non-linear models representing
their V-I characteristics at low-frequency injected currents (ms wave front).

« Automatically switched metal-oxide surge arresters (SMOSA) having a rated voltage
of 484 kV [39] [55]

The SMOSA, which were applied on line terminals of ABI7, CHB7, LVD7, CHM7 and SAG?7,
limit the magnitude of TOV in case of system full-load rejection (or system separation) to
approkimatively 1,60 p.u.. Since their rated voltage is too low to be permanently connggted to

the system, they must therefore be automatically switched in for a short period of time) (5

durin

frequeéncy or by open-corridor condition.

system disturbances by local power swing detection, by remote detectiop’ of

simulated by non-linear models representing their V-I characteristics at low-frequency in

curre

ts (ms wave front).

+ Switching sequence

Switc
electr

12.2.3

The 1

and 3

Figur
transi

. EI‘ects of permanent surge arresters

s 27 and 28 show respectively TOV at\LVD7 and CHM7 obtained from electroma

15 s)
over-

These metal-oxide surge arresters.”werg also

ected

fed in

ning sequence leading to severe TOV, as simulated in step. 1, has been repea
bmagnetic transient simulation using time-controlled switchés;

.2 Results

esults of electromagnetic transient simulations. are presented in Figures 27, 28, 29
D.

gnetic

ent simulation with 588 kV and 612 kVapermanent surge arresters. It can be seen that the

non-linear characteristics of these system surge arresters limit TOV following the sjystem
separption to 1,9-2,0 p.u. compared “to those of 2,7 p.u. from stability simulation| (see
Figurg 24).
SPSR 0 x dL > LVD7.a
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IEC 790/04

Figure 27 — TOV at LVD7 — Electromagnetic transient simulation
with 588 kV and 612 kV permanent surge arresters
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SPSR 0 xdL > CHM7.a

11,00 2,00

| i | iy
0,0 400,00 800',00 . 1200,00 1 600,00 2 000,00
Time ms

Voltage p.u.
-1,00 0,0

-2,00

IEC 791/04

Figure 28 — TOV at CHM7 — Electromagnetic transient simulation
with 588 kV and 612 kV permanent surge arresters
Effects of automatically switched metal-oxide surge arresters

The results of electromagnetic transient simulation, as illustrated jin Figures 29 and 30,[show
that T|OV at LVD7 and CHM7 were further reduced to less thah’1,6 p.u. with the presefce of
484 k) automatically switched metal-oxide surge arresters.

SPSR 1996 > LVD7.a
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aa e rlient
TR o sl ""'
i LIl

Voltage p.u.
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h,0 400,00 800,00 _ 1200,00 1600,00 2[000,00
Time ms

—-2,00

IEC 792/04

Figure 29 — TOV at LVD7 — Electromagnetic transient simulation
with 484 kV switched metal-oxide surge arresters
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Time ms

IEC 793/04

Figure 30 — TOV at CHM7 — Electromagnetic transient simulation
with 484 kV switched metal-oxide surge arresters


https://iecnorm.com/api/?name=6f1779dead36955ea021e953b852a411

- 68 - TR 60071-4 O IEC:2004(E)

12.2.4 Concluding remarks in terms of modelling and method

The following concluding remarks could be drawn from the results of this TOV test case:

e On a large transmission system, TOV following a full-load rejection (or a system
separation) could be accurately simulated with an electromagnetic transient programme
including system dynamic behaviour and system non-linear characteristics such as
transformer saturation, metal-oxide surge arresters, etc.

* In order to obtain realistic TOV scenarios, all actions associated to the most relevant
protections and automatic switching systems in the network should be predicted and
simulated.

¢ In order to obtain realistic TOV results, the major part of the transmission system where

di
Si

12.3

This

statisfical method (see 9.4.2). The influence of trapped charges and insertion resistg

overv
failurg

12.3.1

12.3.1

sturbances take place should be represented in detail in electromagnetic tra
mulation.

Case 2 (SFO) — Energization of a 500 kV line
est case describes the study of a fictitious 500 kV line energization with the

pltage levels will be studied. Different configurations will be compared with help
rate.

Input data and modelling

.1 Diagram (Figure 31)

LA
Rsh

Ca .G Ca|
0. Lo, - “ /H/SA Ls Ls /HgA
1, L1 N
— Ca

|1 i

I Trapped charge
—j I Closing resistor C
| T
L KO Ed A

Equivalent source Substation O 500 kV Line of 400 km Line end substation F
—— < < > o« >

>

4
v
4

IEC 794/0

nsient

semi-
rs on
pf the

Figure 31 — Representation of the system

12.3.1.2 Short-circuit power

The source is represented by a perfect voltage source and a resonant circuit at a frequency of

1 500

Hz (see Table 14).
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Table 14 — Source side parameters

U, Nominal voltage (V) 525 000
Pees Three-phase short-circuit power (VA) 3,00 109
Pecq Single-phase short-circuit power (VA) 9,52 108

f Resonance frequency (Hz) 1500

T of the source | Time constant (s) 5,00 10-2
Ies Three-phase short-circuit current (A) 3299

Lot Single-phase shart-circuit current (A) 1047

Ly Positive-sequence inductance (mH) 9,74

Ly Zero-sequence inductance (mH) 72,6
R4 Positive-sequence resistance (Q) 0,195
Ry Zero-sequence resistance (Q) 1,458

C4 Stray phase capacitance (uF) 1545

Ch Stray neutral capacitance (uF) 0,537

R Damping resistance (Q) 73,5

12.3.1.3 Substation earthing (7.5.12)

The ejrth impedance is represented by a 5 Q resistance.
12.3.1.4 Surge arresters (7.5.11)

Surge arresters are modelled by their U(/) characteristic. Concerning switching transien{, they

are characterized by their rated voltage ¥, their continuous operating voltage, U, and their
class| U, depends on steady-state voltages that may appear in the network (see Table 15).

Table 15 —‘Characteristics of the surge arresters

U, Rated voltage (kV) 444

U, Continuous operating voltage (kV) 350

Cl Class (CEl) 5
H(1kA) Residual voltage at 1 kA (kV) 864

12.3.1.5 ,-Shunt reactor

The dompensation factor for this study is 70 %, which is a typical value for an EHV ling. Fifty
per cent of the inductance is connected at each end of the line (see Table 16).

Table 16 — Characteristics of the shunt reactor

Cline Line capacitance (uF) 5,28
a Compensation factor 0,7
Ly Compensation coil inductance (H) 5,488

Rgp Damping resistor (Q) 3,45
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12.3.1.6 Line energization circuit-breaker

In order to take into account the standard deviation of the inter-phase closing time, statistical
switches have been used (7.5.10.1).

When

statislic one whose contacts are closed 10 ms before the.main contacts are closed

stand
1 ms

12.3.1

This
phase

Phasd

12.3.1

Lines
voltag

Auxiliary contact closing Main contact closing

10ms /\

- _r”/

IEC_ 795/04
Figure 32 — Auxiliary contact and main

using a closing resistor (400 Q), an auxiliary switch isintroduced. This switch is

brd deviation of the inter-phase time distribution 4s 0,66 ms for auxiliary contact]
or main contacts (see Figure 32).

.7 Line-end substation circuit-breaker

breaker is supposed to be always opé&n-and all voltages are studied: phase-to-
-to-phase and longitudinal.

-to-earth and longitudinal stray-capacitance are modelled (see Table 17).

Table 17 — Capacitance of circuit-breaker

C, Phase-to-earth stray capacitance (pF) 120

Longitudinal stray capacitance (pF) 200

8 Line(7:5.2.2)

also a
. The
s and

earth,

are medelled with distributed elements, in separate sections of 40 km, in order

Lee nj

odel [29]. The frequency of modelling is 500 Hz.

fo get

es-along the line. A very simple model is used to represent the line: the so-caIIeT K.C.

12.3.1.9 Trapped charges (7.5.2.1)

During the steady-state calculation, the line is charged by an auxiliary voltage source which is
disconnected after the first time-step (see Table 18).

Table 18 — Trapped charges

Un Nominal voltage (V) 525 000

I Chopped current (A) 0
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12.3.2 Method applied

- 71 -

With a semi-statistical method only one network is considered, for which the only varying
parameters are the breakers' closing times. In this case, the method has been applied on four
configurations of the system, as shown in Table 19.

Table 19 — System configurations

. . Shunt Surge Trapped Insertion
Network configurations . .
compensation arresters charge resistance
Base X X
Trappdd charge X X X
Insertign resistor X X X
Trappdd charge + Insertion resistor X X X

For e@ch system configuration, a batch of 300 simulations is performed.

For e
20). B

At ea
two o

For e
sub-n

For e
subst

Table 20 — Recorded overvoltages

hch system three subsystems are studied: substation 0, the liné{and substation F
ach subsystem is a part of the total system and can be made of one or many nodes

Table

th closing of the substation 0's circuit-breaker (each simulation) and for each subsystem,
three kinds of overvoltages are stored: phase-to-earth,) phase-to-phase and longitudinal.

Phase-earth Phase-phase Longitudinal
Substation 0 X X
Line X X
Substation F X X X

bch simulation, only the peak values are considered and put into the probability of each
btworks ( see 2.3.3.1 of IEC 60071-2)). Of course, this is done insulation by insulation.

kample, with thesbase system, three subsystems are considered (substation 0, line and
htion F). The (“line” sub-network involves 10 three-phase nodes, and so for| each

simulation and for 'each insulation, the maximum peak value among the 10 three-phase phodes

is add

Then

ed to the yoltage distribution.

for each distribution of overvoltages the failure rate R is computed.
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12.3.3 Results and interpretation

Evaluation of risk of failure
Phase to earth overvoltage - network with trapped charge

100
x 80 Cumulative probability function of Discharge probability of the
insulation
z 60 | overvoltage occurence
E
o
S 40
a
20 +
0 } —+= }
0,5 0,75 1,0 1,25 1,5
Voltage MV IEC 796/04
Figure 33 — An example of cumulative probability function of phase-to-earth
overvoltages and of discharge probability of insulation in a canfiguration
with trapped charges and insertion resistors
The failure risks shown in Table 21 and Figure 33 have to be analysed comparatively. One can
see the influence of an insertion resistor: with or without trapped charges, the insertion rgsistor
reducps drastically the overvoltages, even leading to a null failure rate.
Table 21 — Number of failures for1-000 operations
Failures for 1 000 Substation 0 Line Substation F
operations ph-e ph-ph ph-e ph-ph ph-e ph-ph longitudinal
Base case 0,00 0,00 0,39 0,00 0,36 0,22 0,0p
Pre{insertion resistor (PIR) 0,00 0,00 0,00 0,00 0,00 0,00 0,0p
Trapped charge (TC) 0,00 0,00 318,16 0,00 7,08 81,66 0,0p
PIR+TC 0,00 0,00 0,00 0,00 0,00 0,00 0,0p
Vithstand level (kv) | ©50° | 1615 | 1050 | 2000 | 950 | 1615 | 95
This Kind of statistical study can be used to optimize the insulation withstand of equipmert. It is
interepting to study the failure rate versus the insulation withstand. Of course, the numper of
failurgs decreases Wwhile the withstand level of the insulation increases.
Figurg¢ 34 is\for the trapped charge case with different assumed withstand voltages fpr the
equipment.
350 \ Cine Ph-e 8 Subs. F Ph-e 700 SubsF Ph-Ph—
300 80
6
3 » = 3 2 ¢
2]
S5gE™ S8k, 588"
g2 © 150 E2F &2 "@40
558 558 558
§~$28-1oo §8g2 298'20
50
o ———+—+—+—+— ottt R e ——
1040 1060 1080 1100 1120 1140 1160 1180 900 950 1000 1050 1100 1150 1200 1600 1650 1700 1750 1800
Withstand Level of the Insulation Withstand Level of the Insulation Withstand Level of the Insulation
IEC 797/04

Figure 34 — Number of failure for 1 000 operations
versus the withstand voltage of the insulation
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This decreasing rate of failure must be compared to the increasing cost of the insulation in
order to find the best technical and economical optimum.

12.4 Case 3 (FFO) — Lightning protection of a 500 kV GIS substation

The study presented in this subclause deals with the lightning protection of a GIS against
lightning impacting shielding conductors and towers. The semi-statistical method proposed in
10.2 for the estimation of the insulation failure rate per year has been applied. Its approach
consists in applying the following steps:

a) determination of the limit distance;

b 1 ' £ dlo o - O Y 4 1 H ' il L ol e dlo d
) eartatronm—or— e NuMmper—oT MYTirmTyg  StrURTOS TiTpactrry tUic Tie ditaUTruic 1 naom

distribution associated to these lightning strokes;
c) evaluation of the risk of failure of the GIS in one configuration.
This pub-section concentrates mainly on the last step, the first one being. presented very

briefly. The hypothesis has been voluntary simplified in order to streamlinethe comprehgnsion
of thelmethod.
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12.4.1 Input data and modelling

12.4.1.1 Diagram (Figure 35)

Diagram for lightning study of a 500 kV GIS
substation in the case of normal operation

Tower9 Tower8

TR 60071-4 O IEC:2004(E)
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/thning current
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Figure 35 — Schematic diagram of a 500 kV GIS substation intended for lightning studies
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12.4.1.2 Lightning stroke current

The lightning stroke is modelled by a double ramp shape for which several crest-current values
are simulated.

The time to crest is defined as a function of the crest current given by the following relationship
(see Annex C) which gives the minimum equivalent medium time to crest (us) versus the crest
value of the lightning current (kA), considering that the crest value of the current is higher than
20 KA:

ty =0,154 %1252

The lightning tail duration is fixed to 150 ps, irrespective of the crest-current value (EFigurg 36).

~

(11 S

Current kA

0 Im 5 10 15 20
Simulation time,\s
IEC 799/04

Figure 36 — Waveshape, of the lightning stroke current

The limit distance has been determinediusing numerical simulations. Strikes terminating on the
shield wire and strikes terminating’ on tower tops are assumed to result in the |same
overvpltage stress as that of thé-closest simulated point. Therefore, to simplify, poipts of
impadt are restricted to the-transmission line’s tower tops closest to the substatiop (not
including the terminal towers ‘cannected to the earthing grid).

The al.c. power voltage at'inception time is assumed to be deterministic, and its phase angle is
fixed {o a value suchithat the lightning surge voltage would be maximum (conservative cape).

12.4.1.3 Modelling of elements

Table|22 gives the modelling of the system.
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Table 22 — Modelling of the

TR 60071-4 O IEC:2004(E)

system

Config

uration of the substation

Characteristics

See Figure 35

Modelling

Power transformers

Phase-to-earth capacitance of 10 nF
(see 7.6.7)

Capacitive voltage transformer

Phase-to-earth capacitance of 5 nF
(see 7.6.7)

Withstand voltage (normal)

Surge impedance: 60 Q

GIS Median value = 1 550 kV Velocity of propagation: 0,95 Velocity in
Standard deviation: 10 % vacuum
Connedting conductor in Sections between 3 m and 15 m'are
substatjon modelled like lumped inductance’of 1|uH/m
Towers, Propagation element of 150Q (see 7]6.3.1)
Double circuit line with two .
Span shielding conductors Frequency-dependent line model (seg 7.6.2)
Earthing electrode of towers A lumped resjstance of 10 Q
Earthing electrode of substation A null impédance
Surge drrester Itis repre.se.nted by its 8/20 ps
charactéristic?
Air gapp Equal area criteria
1 The|surge arrester connections and the height of the arrester)itself have been represented by eqpivalent
inductahces, but the increase in residual voltage for surges steeper‘than 8/20us has been neglected in the |present
study ap a simplification; they could have been included if the carresponding characteristic was known.
12.4.1.4 Data for lightning incidence evaluation
Table|23 gives the data used for the application of the EGM.
Table 23 — Data.used for the application of the EGM
Tower height: 57 m
Data Shield wire height at mid-span: 45,5 m
Ground-flash density: four flashes per year per square kilometre
EGM model Love ‘s EGM [4]
12.4.2 Method
12.4.2.1/,-Limit distance evaluation (10.2.3)

This evaluation is performed making transient simulations.

12.4.2.2

random distribution associated to these lightning strokes

Evaluation of the number of lightning strikes impacting the line and of the

The number of lightning strikes impacting each section of the line is estimated as shown in
Table 25, using the attractive radius-versus-crest value of the stroke current (10.2.4). The
density of probability of the crest value of the lightning current on the ground has been
calculated using Love electrogeometric model from a log-normal distribution on structures of
which the parameters are shown in Table 24.
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Table 24 — Crest-current distribution

Median value

33 kA

Logarithmic standard deviation

0,605 kA

Table 25 — Number of strikes terminating on the different sections of the two incoming
overhead transmission lines

Section Tower 2 Tower 3 Tower 6 Tower 7 Tower 8
Number of strokes per vear 0.14 0.14 011 02 0.25
The statistical distribution of the crest value of the lightning stroke current will be the “statistical
distrijution on structure” given above.
12.4.2.3 Risk estimation
12.4.2.3.1 Limit-state surface formulation

The dpproximation is made that the GIS insulation will be in a failure state when the lightning

overv
Ud =

For ¢
simul
curre
interp

.
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ach point of lightning strike point of impact, <the lightning overvoltages have
ted as a function of crest-current values i,. A\set of pairwise data (i, u,) of simplated
t values and corresponding overvoltages are obtained for each section of the G
plation of this set of data, one can get the limit-state function uy = u(i). See Figure 3.
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Figure 37 — Response surface approximation
(failure and safe-state representation for one GIS section (node))
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12.4.2.3.2 Risk of failure formulation (see Annex C and 10.2.5)
The risk of insulation failure is the probability mass of the failure domain:
Fe =PUMI)>Uq)= [ f10,(iug)didug
ug—u (i)<0

The definition of the variables is given in 10.2.5.

As the crest current and the disruptive voltage of the GIS are independent random variables
the jo[nt probability density function fI,Ud(-’-) is simply the product of the crest current m3rginal

probapility density function f;(.) with the one of the disruptive voltage fUd(.)as follows:

Sruglug) = f1()fuy (ug)

Heredfter, the crest current and the GIS disruptive voltage are assumed:te’be respectively log-
normally and normally distributed with the parameters given in Table 26.

Table 26 — Parameters of GIS disruptive voltage /distribution
and lightning crest-current distribution

GIS disruptive voltage Medium value (kV) 1 550

distribution Standard deviation (kV) 155 (10 % of the medium value)
Lightning crest-current Medium value (kA) 33

distribution Logarithmic standard deviation 0,605

NOTE The standard deviation has been taken equal to 10 % of the medium value for the GIS
disruptive voltage, but in practice lower values are usually considered.

A corltour plot of the joint probability-density function fLUd(.,.) is provided in Figure 38 tp help
I

visualjze its three-dimensional.shape. The drawn curves represent points of constant density
values. As it stands to reason,_the highly probable values are in the safe domain.
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NOTE | The dots portray the EMTP simulation results and the ‘line is the interpolated response surface.

Figure 38 — Limit-state representation in the probability space
of the physical variables risk evaluation

The ejpaluation of the risk integral is achieved using FORM technique (see Annex C).

12.4.3 Results and interpretation
12.4.3.1 FORM estimation results for each section and each part of the GIS

Table|27 summarizes thé FORM estimation results for the GIS.

Table 27 — FORM risk estimations (tower footing resistance = 10 Q)

Point.of

impact
Tower 2 Tower 3 Tower 6 Tower 7 Tower 8 Tower |9

Risk

Risk GIS11 2,5E-5 3,1E-4 1,2E-4 1,9E-4 1,8E-5 9,8E-5
Risk GIS21 1,4E-5 2,3E-4 1,2E-4 1,7E-4 1,8E-5 6,7E-5
Risk GIS31 2,5E-5 5,1E-4 1,4E-4 2,1E-4 1,7E-5 7,4E-5
Risk GIS12 4,6E-6 2,2E-4 1,3E-4 8,5E-5 7,8E-6 4,9E-5
Risk GIS22 4,4E-6 1,9E-4 1,2E-4 6,2E-5 8,7E-6 3,9E-5
Risk GIS32 1,3E-5 2,0E-4 1,5E-4 1,4E-4 1,4E-5 6,2E-5
Risk GIS1 2,0E-5 2,7E-4 1,3E-4 2,E-4 1,7E-5 8,0E-5
Risk GIS2 6,5E-6 2,2E-4 1,3E-4 1,0E-4 9,5E-6 4,9E-5
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12.4.3.2 Total failure rate for each part of the GIS

The GIS insulation failure rate for one part of the GIS considered for one specific configuration
is the sum of the individual failure rates associated to the different points of impact, each of
which is the product of the frequency of lightning strokes with the risk of failure given this point
(see Table 28).

Table 28 — Failure rate estimation for the GIS11

Strokes to Tower 2 Tower 3 Tower 6 Tower 7 Tower 8
Number of strokes per year 0,14 0,14 0,11 0,2 0,25
Risk df failure 2,5E-5 3,1E-4 1,165E-4 1,9E-4 118K-5
Pailurp rate associated to each | ¢ 54 g 0,43E-4 0,1E-4 0,4E-4 0,45F-5
line sg¢ction
thal ailure rate (number of 1,019E-4/year
failurds/year)

The total failure rate is 1,0E-4/year. It is equal to the sum of the failure rates corresponding to
each pf the contributions to the risk of a section of the line.

Remdrk: if the failure rate of one part of the GIS is one ordéer higher than that of the|other
parts,| this risk of failure can be assumed as being the risk 6f the total station; if this condition
is not| fulfilled, the total risk may be conservatively approximated by the arithmetic sum [of the
partial risks.

12.5 [ Case 4 (VFFO) - Simulation of transients_in*a 765 kV GIS [51]

This {est case presents some aspects of asstudy which has been performed to cheg¢k the
modelling to be used for GIS representation [51]. It is illustrated by results from digital
simulation in a 765 kV substation.

12.5.1 Input data and modelling

Figurg¢s 39 and 40 show the gne-line and the connectivity diagram of a 765 kV test bay. Models
used |to represent componenis of this case are presented in Table 29. Representatfon of
comppnents was made following the recommendations of 7.7.1.
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Figure 39 — Single-line diagram of a 765 kV GIS with a closing disconnector
(omly the GIS part in thick lines is of interest for the transient phenomena simulated hefe;
some points that are in Figure 40 are als shown here)
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Figure 40 — Simulation scheme of the 765 kV GIS part
involved in the transient phenomena of interest
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Table 29 — Representation of GIS components — Data of the 765 kV GIS

Branch Z (Q) Travel time (ns)
UC1-J3 75 6,40
J3-J4 75 48,0
J4 - T22 75 2,20
T22- T23 51 1,90
J4 - D9 78 2,20
D9 - D88 68 1,80
D88 — D66 59 4,20
D44 — D22 33 5.80
D22 — D1 330 9,10
J3-T21 75 2,20
T21 -T20 51 1,90
T20 - T19 160 0,67
T19 - T18 65 1,70
T19 - T17 75 6,80
T17 - T16 65 1,70
T17 - J7 75 8,50
J7 - T24 75 2,20
T24 — T25 51 1,90
J7 - T25 75 2,20
T26 — T27 51 1,90
T17 - T14 160 0,67
T14 - T13 51 1,90
T13 - T11 75 9,90
T11 -T12 65 1,70
T11 - J2 75 7,50
J2-T9 75 2,20
T9 - T10 51 1,90
T10 — T28 160 0,67
T28 — J6 75 7,10
J6 — UK 75 6,40
T28 — T29 65 1,70
T28=J5 75 8,80
J5 -T30 75 2,20
130 — T32 51 1,90
J2 - J1 75 6,70
J1-T4 75 2,20
T4 -T3 51 1,90
J1-T5 75 2,20
T5-T6 51 1,90
12.5.2 “Method applied to validate modelling

A deterministic study was made to validate GIS modelling. A summary of the procedure
followed is listed below:

— low-voltage simulations on individual components were performed using waves with fronts
of 4 ns and 20 ns;

— the parameters of the models corresponding to all elements of the system were calculated
on the basis of physical dimensions. Simulations were performed assuming a propagation
velocity equal to 0,96 that of light in vacuum.
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For normal studies, the input wave would be one of three forms:

— aramp voltage with a magnitude determined by the voltage across the switch;

— two ramp currents on opposite sides of the switch such that the voltage across the switch is
equal to zero at the crest of the inputs;

— charge both sides of the switch to the desired value and close the switch.

12.5.3 Results and interpretation

In the configuration of Figure 40, a low voltage step was injected at UC1 location through a
75 Q patching mpedance and digital simufations were performed using two different Jource
mode|s for the step voltage:

— in|the first one, a ramp voltage saturating at 100 V is applied at ¢ = 0;

— in|the second case, the ramp voltage source saturating at 100 V is also used but the
transient starts after closing a switch at the instant the ramp reaches its-maximum valpe.

Waveforms obtained for both cases at two nodes are shown in Figure§)41 and 42. It can be
obserped that, for both cases, they are essentially the same, except\for the first nanosefonds
in the| vicinity of the input node UC1. These simulation results did match very well actugl low-
voltage measurements [51].
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Figure 41a — Simulation results sVoltage at location UC1
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Figure 41b — Simulation results — Voltage at location UK

Figure 41 — 4 ns ramp
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Figure 42a — Simulation results — Voltage at location UC1

Voltage at location-Uk
120

100
80 |

60 -

Voltage V

40 -

| | | |
0 | |
0,0 0,1 0,2 0,3 0,4

TIme 1S
IEC 807/04

Figure 42b — Simulation results — Voltage at location UK

Figure 42 — Switch operation
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Annex A
(informative)

Representation of overhead lines and underground cables

The same electrical models apply for both overhead lines and underground cables. The models
used to calculate the waves propagating along electric lines are based on the so-called wave
equations:

-V g+ ALD
& a
T iV
& a

where

R, L, £ and G are the resistance, inductance, capacitance and conductance matrices pgr unit
length of the line, x is the distance from one end of the line and™z is the time. In overhead lines
G is usually not taken into account unless the decrease of trapped charges is to be considered.

A.1 | Exact Pi model for a single conductor:electric line (see Figure A.1)

Zserie

Zshunt Zshunt

IEC 808/04

Figure A.1 — Pi-model
One line of length7 can be represented by a Pi-model, whose parameters are as follows:

Z, .
Zshunt = ——~—— and Zserie = Z¢Sinh(yl)

N
ldllll\?)

where Z;, the surge impedance of the line, and y, the propagation constant, are given by the
following formulae:

_ R+ jlw _ . :
Zs = /—G TiCo and y =J(R +JLo)(G + jCo)

This model is very efficient for programmes based directly on the frequency or on the Laplace
domain because the variation of line resistance and inductance with frequency can be directly
accounted for. In most time-domain-based programmes, the parameters of this model are
calculated at a single frequency.
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A.2 Nominal Pi-circuit

If Y is small the series impedance and the shunt admittance can be approximated by

. 1.
Zserie = (R +jLo)l and Yshunt :EJCCOI - Zgn
shunt

A line can be represented by a cascade of 1 circuits. For steady-state solutions, this model is
accurate if each part of the line represented by a 1t circuit is not too long (for overhead lines
<150 km at 60 Hz, <15 km at 600 Hz). However, it cannot represent the frequency dependence

P~ . S £ L H
OfR alnu L 1T oadotC Ul 1T1Idaltriuriivo.

This model can be used for transient calculations.

A.3 | Travelling wave method: Single-phase lossless line with constant L

In thid particular case, the wave equations have a solution proposed by d’Alembert:
I=Fi(x—-vt)—Fyx+vi)

V=Z,(Fi(x—=vit)+Fy(x +v¥%)

This dolution leads to the following equation:

V() + Z, I(t) = 2 X L Fq(x — vt)

which|can be written, if / = line length/v is the.travel time along the line:

V() + Zg t) = 2 x Zy Fq(—=v(t - 1))

V() gnd I(¢r) at one end of a line\.are calculated using a historical term calculated] from
previqusly computed values of V(#)-and I(¢) at the remote end of the line.

The Ipsses can be taken into account by including equivalent lumped resistances at the line
ends pnd in the middle ef\the line, directly proportional to its length. Therefore, the length of a
line modelled this way should be limited to avoid unrealistic reflections on these resistances.

A.4 | The frequency-dependent line model for a single conductor line
(Figure’/A.2)

7
17T 17

IEC 809/04

Figure A.2 — Representation of the single conductor line
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Vi(t) = FU(Ze) * I4(0) = F (e M) * (V4(1) + F~(Z) * In(1))
where
F is the Fourier transform;
* is the convolution operator.
e/ is the so-called propagation function. It includes both an attenuation factor and a phase-
shift factor, which are functions of frequency.

To perform the computing of the equation, Z.(p) can be approximated by a rational function of p

and e~ ¥ by a rational function of p multiplied by e~%. In mathematical terms, it corresponds to
a linearization of the problem.

This model takes into account the effect of variation versus frequency of the attenuation and
charafteristic impedance on a wide range of frequency.

A.5 | The representation of multi-conductor lines

A.5.1 The modal parameters

In thel case of multi-conductor lines V(x) and I(x) are vectors..Each coordinate of V(x) and I(x)
corregponds respectively to the voltage and the current of one conductor at the distance x from
the end of the line.

The wave equations

- DG 7(p)1(p)
dx

=Dy (p)
dx

can bge transformed into

2
ITBX) = 2oy (pIV ()
X
2
SHDY) = y(p)2(p)i(p,)
X

To solvesthe system of equations it is possible to linearly transform the quantities V(p,1) and
I(p x) Linto—quantities—V——slpx)—ahd—I—a{pr—ir—such—a—waythat the—equations—become
decoupled. V o4(p,x) and I,,4(p.x) are called modal quantities. V ,4(p,x) = T,(p) X V(p,x) and

Inod(p,x) = Ti(p) % I(p,x). T,, and T; are called transformation matrices.

A.5.2 The approximation of the transformation matrices

If T, and T, are approximated as constant matrices, the approach used for a single-phase line
applies directly for each mode. In the case of multiphase balanced lines, the transformation
from phase-to-mode quantities can be done exactly with a0 components, and there is no error
introduced in the transformation. In the case of untransposed multiphase lines, in many
programmes, 7; and T, are approximated as real which could be inappropriate in some cases.
This remark is valid for all the models which are presented in the previous subclauses.
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This approximation is usually considered to be accurate enough except for the representation
of underground cables and multiple-circuit overhead lines at low frequencies. For cable
representation, 7, and T; could be usually considered as constant after a value of 2 kHz. For
lower values of the frequency, variations are very severe.

In the case of overhead lines, variation of the above-mentioned matrices versus frequency is
important in the case of conductors disposed vertically. This is not the case if the conductors
are disposed horizontally.

If the variation of 7, and T, versus frequency is taken into account, the calculation of the
quantities in the phase domain from the quantities in the Laplace domain lead to the evaluation
of n 3 n convolutions. The method of the approximation of each coefficient by a \rational
functipn of p applies for this evaluation.

There| are other methods to represent lines. For instance, a phase-domain selution cpn be
used directly [7], [36], [37] or antenna theory can be applied.
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Annex B
(informative)

Arc modelling: the physics of the circuit-breaker

The steps in interruption

TR 60071-4 O IEC:2004(E)

Prior to breaking a circuit, a circuit-breaker is in the closed position, i.e. the contact ensures
the electrical continuity of the network. When an abnormally high current is detected, the

circui

-breaker receijves the order to "break" the network

To br
momg

bak the current, a circuit-breaker separates the two touching conductive elements
nt in the power-frequency wave, thus creating an electric arc. Electric arcs.are cu

the mjain circuit-breaking "device" in power networks. As the contacts move apaftt, the c

drops
separ
subst

to zero and the arc is extinguished, at the same time establishing an ele

simulation.

As sdg
dielec

the viltage across the terminals of the circuit-breaker when the arc is extinguished, i.

differ
the b
down
made

There

nce of the upline and downline voltages of the network. For the circuit-breaker to

when the current next drops to zero.

are, in fact, different types of circuit-breaking, depending on the amplitude

currents to be cut and the physical characteristics involved, i.e. the thermal and die

asped
break
abovsg
break

ts. For high currents, one speaks. 0¥ "power arc breaking”, and the thermal aspect

validation of the circuit-breaker\model illustrate these two aspects, but, in all cases, the

relies

B.2

Most

chiefly on modelling the*behaviour of the electric arc as accurately as possible.

Mathematicalymodels of an arc

At any
rently
urrent
ctrical

btion between both parts of the electrical network. Arc extinction{is'accompanied by
hntial thermal phenomena that have to be taken into account ipy-good circuit-breaker

on as the current drops to zero, there is a race against\time between the incrgasing
tric strength of the circuit-breaker and the transient recovery voltage (TRV). The TRV is

e. the
'hold"

eak, its TRV must remain lower than its dielectric strength. Otherwise, the gap Qreaks
i.e. a new electric arc is created, and anothér attempt at breaking the circuit will be

bf the
ectric
of the

is of major importance, as is the'case with line fault breaks; but, for low currentg, it is
all the dielectric aspect of “the break that is taken into account, as in the cgse of
ng of low-induction currents. The two cases that will be studied as exampl¢s for

model

mathematical models are based on energy balances between the electric arc and the

surroynding environment when the current drops to zero. The two equations most used afe the

Mayr and (Cassie equations [13]:
dg _1(?
Mayr —= === B.1
y 2[5 (B.1)
Cassie d—g:i e (B.2)
d  T|\Uug
where

g is the conductance of the electric arc;
T s its time constant;

u and i are the arc voltage and arc current;
P is the power loss of the arc;

Uy is the stationary arc voltage.
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These two equations and all

those derived from them describe the evolution of the

conductance (or resistance) of the arc in accordance with the behaviour of the voltage and
current. For a high arc current, the resistance is very low, at around a few ohms, but as the
current gets closer to zero, the resistance increases quickly, along a very steep gradient, until it
reaches as much as, or more than, 108 Q, which is equivalent to an open circuit. These two
equations are not classical electrical equations. Therefore, they have to be implemented in a
general-purpose solver which is interfaced with the electrical network solver step by step.

B.3

B.3.1

Line-f]
phend
and th

But fd

conta
done

or air-

Thus,

cond(

Joule

ignitio

Just 3
few m

break

B.3.2

Special cases of circuit interruption

Breaking line faul

e break occurs in accordance with the scenario described previously.

blast circuit-breaker) of the insulating gas, the contact opening\speed, etc.

n.

icro-seconds after arc extinction. It decréases to zero after a few micro-seconds
succeeds, or increases in the event of*thermal failure [26].

Breaking small induction currents (see Figure B.1)

W10: Y- ph reactor side voltage

pult interruptions involve high currents and therefore entail importapt)thermal
mena. When a line fault is detected, the circuit-breaker receives the instruction tg open

llowing the first extinction of the arc, the dielectric strength of the\space betwegn the
cts must be quickly re-established in order to prevent the arc re-appearing. This dan be
by modifying several parameters: the temperature (arc blast) and the pressure (v4cuum

for example, if the arc blast is insufficient, the arc heats up, thereby increasing the
ctivity of the plasma of which it is made, and increases the energy dissipated by the
effect: this results in re-establishment of the arc. This phenomenon is called thermal re-

fter the break, a post-arc current of about 4°\A'is created in the circuit-breaker in the first

if the
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Figure B.1 — SFg circuit-breaker switching
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In the particular case of low-current breaks, it is the dielectric aspect which counts most. This
type of break occurs, for example, during disconnection of unload transformers compensation
inductors or motors. It produces considerable overvoltage in the network on the element side,
principally as a result of chopping current and breakdown. Modelling this type of break
therefore helps to understand the appearance of overvoltage which can damage equipment.

As in the general case, opening of the contacts creates arcing in the circuit-breaker. When the
current declines to close to zero, interaction of the arc with the circuit engenders high-
frequency current variations which, on top of the power-frequency component, cause the
current to drop to zero more rapidly. This phenomenon is called chopping current.

As soomasthecturrent Teaches zero, the—arc s extimguishedanmd—both—sidesof the—etertrical
circui{ evolve freely. Since the element switched has inductive energy at the time the gircuit-
breakpr opens, the current begins to oscillate at an amplitude of 1 p.u or more, depending on
the chopping current. The transient recovery voltage (TRV) is the difference of thelvoltages at
both sides of the breaker. If the TRV exceeds the dielectric strength of the gircuit-breaker,
there will be breakdown. The current will be re-established across the circuitibreaker and| there
will be a high-frequency transient in the circuit on top of the power-frequency currentl This
phengmenon can occur several times in swift succession before the curtent is finally brokien for
good,|which may happen the next time the power-frequency current réaches zero [14].
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Annex C
(informative)

Probabilistic methods for computing lightning-related risk
of failure of power system apparatus

C.1 Introduction

; efore,
estimating the risk of failure of a power system apparatus due to lightning should first.begin by
ing the most relevant random variables and formulating probability distributionsyfor|them.
Thesg can constitute input random variables for the numerical simulations that need to e run
for evpluating the corresponding lightning stresses (output random variable).

The risk of failure evaluation process includes the following three steps:
a) ddfinition of a probabilistic model to account for the possible sceharios of lightning s{rokes
to|the transmission;

b) simulation of the system response to some user-defined’ lightning strokes in order to
identify those leading to a failure;

c) infegration of the risk integral over the identified failure-domain.

Each step is detailed hereafter.

C.2 | Definition of a probabilistic model

The first step in predicting the risk of failure of a power-system apparatus due to lightning is to
defing a probabilistic model which aims-at giving a mathematical representation of the possible
scengrios of lightning strokes to thé_power line. The probabilistic model consists of a [set of
random variables and of their probability distributions. Typically, those random variables ghould
account for

— the natural variability, of the lightning stroke current waveshape, which is commonly
dgscribed by its peak'value, time-to-crest and tail duration,

— the possible pointsjof impact along the incoming lines,

— the fluctuation“of the a.c. voltage of the power line,

— the fluctuation of the withstand capability of the apparatus.

On the ene’/hand, considering so many random variables permits the precise modelling [of the
naturﬁ fldctuations of some parameters, although it may not be consistent with the scarfity of
lightning data but, on the other hand, it imposes the running of many time-consuming
electromagnetic transient programme simulations in order to determine the response of the
system to the various lightning stroke scenarios defined.

Moreover, it overcomplicates the risk integral evaluation problem as conventional numerical
integration techniques become quickly impractical for problems with more than two random
variables. In such a case, more dedicated computational methods such as Monte Carlo
simulation techniques or approximation methods (first- or second-order reliability methods)
may be used.

As a consequence, some simplifications have to be made. Basically, one can focus only on the
most influential and significant random variables and assume other random parameters as
deterministic quantities (fixed values). A list of the practical simplifying assumptions proposed
is given below.
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C.21 Stroke point of impact

The point of impact can be considered to be a discrete random variable denoted by X whose
values (x4, x,, x,,) are chosen by the user along the line. Its probability distribution (probability
mass function), P (x) is given by the proportion of lightning strokes terminating at the different

points of impact, which is estimated by applying the electro-geometrical concepts in three
dimensions.

For substations protected by a surge arrester, a limit distance is proposed by IEC 60071-2 and
can be of help to the user for defining the points of impact along the line. It is often considered
appropriate to use a limited number of points of impact on the spans within the limit distance.

c.21/1 Lightning stroke current waveshape

The ljghtning stroke current is generally represented as an ideal current sourcé haying a
double ramp or CIGRE concave waveshape for which the following characterizing parameters
are cgnsidered:

— TRhe peak current amplitude, I, is supposed to be a continuous random variable. Th¢ user
may choose between two probability distributions:

2
In(ilu, )
1 'yz[ :

a| J .
e with parametgrs [
N2TI0(i

and 0O, defined by the user. The default value cguld be those given by [4]

a)| a log-normal distribution f(i) given by f(i) =

3<I<20kA |I>20KkA
Median value y; (kA): 61,1 33,3
Logarithmic standard deviation g, (kA) 1,33 0,605

b)[ conditional probability distributions £, (i,x)given the points of impact X as obfained
after applying the electro-geometric theory.

It should be noted that it is more accurate to consider the conditional probability distriution,
espedially when studying shielding failures.

— THe time to crest iS'‘supposed to be a function of the peak current amplitude given|by its
cdnditional medidnvalue: Ty, = 0,0834 x 10828 for and T, = 0,154 x 10624 for [ >20 kA\.

— THhe tail duration can be characterized by its time-to-half value T4 which it is proposed to
cdnsider ds

i) | a deterministic quantity fixed to its median value 77,5 ps if the lightning stresses junder
study are overvoltages;

i) either a fixed value or a continuous random variable log-normal distribution with
parameters utq=77,5us and oy =77,5 if one is focusing on the lightning energy
stresses experienced by surge arresters.

With regard to the waveshape, it is often considered as preferable to use the CIGRE concave
waveshape. The double-ramp waveshape may be used too but, most of the time, it gives more
conservative results.

C.21.2 AC power voltage

It is proposed to consider by default only one value of phase angle for the a.c. power voltage.
However, the user can consider several values, in which case the a.c. power-voltage angle
becomes a discrete random variable denoted ¢ which values (J4, J5 .., J,) will be equiprobably
distributed.
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c.2.1.

3 Strength or withstand capability of the apparatus

According to the type of lightning stresses one will look at, either voltage or energy stresses,
the strength or withstand capability W of the apparatus will be respectively characterized by its
disruptive voltage denoted by Uy or its energy absorption capability £, either defined by a fixed
value or a random variable. In the latter case, the user will have to choose between two
distributions, a normal or a Weibull distribution, for which he will have to stipulate the
parameters. The probability distribution functions will be denoted respectively by 1 (.), fud(-)

and fEC(.) for the random variables W, Uy and E..

c.21.

4 Representative overvoltages

The ¢
as the

C.3

When
stroke
integr,
numb

6 =15

time-t

rest values of the overvoltages evaluated by numerical simulations are usually cons
representative overvoltages.

Evaluation of the stress function and determination of the failure dom
(see Figure C.1)

the probabilistic model has been defined, one has to evaluate which are the lig
events that would lead to a failure of the apparatus in order to delimit the dom
ption of the risk integral (failure domain). This would be achieved by running a
er of EMTP simulations. For each point of impact X = %, "and for each phase-angle

L, the user will define a set of lightning current valGes (i1,is...,i,) and eventually a

programme.

By int
then g

of imq
if T,
if T,

where

‘time-
appar

act X =Xx, and an a.c. power-veltage phase-angle value of 6 = z9t:

is assumed fixed to a specific value
S =hxp(l) (

is considered as a,andom variable
S=hxe(l,Ty) (

I, Ty and S'dre respectively the input random variables ‘lightning crest curren

o-half value of the tail duration’ and the output random variable ‘lightning stresses
atus terminals’.

dered

Qain

htning
fain of
large
value

set of

p-half values for the tail duration (tq,,7q,.-4%y) that should be simulated by the

erpolating the simulation results (a piecé-wise linear interpolation is precise enough), it is
ossible to obtain a representation ofsthe apparatus ‘stress function’ hx,e(-)’ given g point

those

jefined
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