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National foreword

The adoption of the IEC Standard as a Malaysian Standard was recommended by the
Working Group on High Voltage Test Techniques under the authority of the Industry
Standards Committee on Generation, Transmission and Distribution of Energy.

This Malaysian Standard is identical with IEC 60060-1:2010, High-voltage test techniques -
Part 1: General definitions and test requirements, published by the International
Electrotechnical Commission (IEC). However, for the purposes of this Malaysian Standard,
the following apply:

a) inthe source text, "this International Standard" should read "this Malaysian Standard";

b)  the comma which is used as a decimal sign (if any), to read as a point;

c) the basis IEC 60060-1 is printed in English and French version. However, only the
English version is retained for this Malaysian Standard; and

d) reference to International Standards should be replaced by corresponding Malaysian

Standards as follows:

Referenced International Standards

IEC 60060-2, High-voltage test techniques -
Part 2: Measuring systems

IEC 60270, High-voltage test techniques -
Partial discharge measurements

IEC 60507:1991, Atrtificial pollution tests on
high-voltage insulators to be used on a.c.
systems

IEC 61083-1, Instruments and software
used for measurement in high-voltage
impulse tests - Part 1. Requirements for
instruments

IEC 62475, High-current test techniques:
Definitions and requirements for test
currents and measuring systems

Corresponding Malaysian Standards

MS IEC 60060-2, High-voltage test
techniques - Part 2: Measuring systems

MS IEC 60270, High-voltage test techniques
- Partial discharge measurements

MS IEC 60507:1991, Artificial pollution tests
on high-voltage insulators to be used on a.c.
systems

MS IEC 61083-1, Instruments and software
used for measurement in high-voltage
impulse tests - Part 1. Requirements for
instruments

MS IEC 62475, High-current test
techniques: Definitions and requirements for
test currents and measuring systems

This Malaysian Standard cancels and replaces MS IEC 60060-1:2008, High-voltage test
techniques - Part 1: General definitions and test requirements.

Compliance with a Malaysian Standard does not of itself confer immunity from legal
obligations.

NOTE. IDT on the front cover indicates an identical standard i.e. a standard where the technical content,
structure, and wording (or is an identical translation) of a Malaysian Standard is exactly the same as in
an International Standard or is identical in technical content and structure although it may contain the
minimal editorial changes specified in clause 4.2 of ISO/IEC Guide 21-1.
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1

9)

INTERNATIONAL ELECTROTECHNICAL COMMISSION

HIGH-VOLTAGE TEST TECHNIQUES -

Part 1: General definitions and test requirements

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

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

In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

All users should ensure that they have the latest edition of this publication.

No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

International Standard IEC 60060-1 has been prepared by IEC technical committee 42: High-
voltage test techniques.

This third edition of IEC 60060-1 cancels and replaces the second edition, published in 1989,
and constitutes a technical revision.

The significant technical changes with respect to the previous edition are as follows:

The general layout and text was updated and improved to make the standard easier to
use.

Artificial pollution test procedures were removed as they are now described in IEC 60507.

Measurement of impulse current has been transferred to a new standard on current
measurement (IEC 62475).

The atmospheric correction factors are now presented as formulas.
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e) A new method has been introduced for the calculation of the time parameters of lightning
impulse waveforms. This improves the measurement of the time parameters of lightning

impulses with oscillations or overshoot.

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

FDIS Report on voting
42/277/FDIS 42/282/RVD

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

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

A list of all the parts in the IEC 60060 series, under the general title High-voltage test
techniques, can be found on the IEC website.

The committee has decided that the contents of this publication will remain unchanged until
the stability date indicated on the IEC website under "http://webstore.iec.ch" in the data
related to this specific publication. At this date, the publication will be:

e reconfirmed;

e withdrawn;

e replaced by a revised edition or

e amended.
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HIGH-VOLTAGE TEST TECHNIQUES -

Part 1: General definitions and test requirements

1 Scope

This part of IEC 60060 is applicable to:

— dielectric tests with direct voltage;

— dielectric tests with alternating voltage;

— dielectric tests with impulse voltage;

— dielectric tests with combinations of the above.

This part is applicable to tests on equipment having its highest voltage for equipment U,
above 1 kV.

NOTE 1 Alternative test procedures may be required to obtain reproducible and significant results. The choice of
a suitable test procedure should be made by the relevant Technical Committee.

NOTE 2 For voltages U, above 800 kV meeting some specified procedures, tolerances and uncertainties may not
be achievable.

2 Normative references

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

IEC 60060-2, High-voltage test techniques — Part 2: Measuring systems
IEC 60270, High-voltage test techniques — Partial discharge measurements

IEC 60507:1991, Artificial pollution tests on high-voltage insulators to be used on a.c.
systems

IEC 61083-1, Instruments and software used for measurement in high-voltage impulse tests —
Part 1: Requirements for instruments

IEC 61083-2, Digital recorders for measurements in high-voltage impulse tests — Part 2:
Evaluation of software used for the determination of the parameters of impulse waveforms

IEC 62475, High-current test techniques: Definitions and requirements for test currents and
measuring systems

3 Terms and definitions

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

© STANDARDS MALAYSIA 2015 - All rights reserved
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3.1 Definitions related to characteristics of discharges

3.11

disruptive discharge

failure of insulation under electric stress, in which the discharge completely bridges the
insulation under test, reducing the voltage between electrodes to practically zero

NOTE 1 Non-sustained disruptive discharge in which the test object is momentarily bridged by a spark or arc may
occur. During these events the voltage across the test object is momentarily reduced to zero or to a very small
value. Depending on the characteristics of the test circuit and the test object, a recovery of dielectric strength may
occur and may even allow the test voltage to reach a higher value. Such an event should be interpreted as a
disruptive discharge unless otherwise specified by the relevant Technical Committee.

NOTE 2 A disruptive discharge in a solid dielectric produces permanent loss of dielectric strength; in a liquid or
gaseous dielectric the loss may be only temporary.

3.1.2
sparkover
disruptive discharge that occurs in a gaseous or liquid dielectric

3.1.3

flashover

disruptive discharge that occurs over the surface of a dielectric in a gaseous or liquid
dielectric

3.14
puncture
disruptive discharge that occurs through a solid dielectric

3.1.5

disruptive-discharge voltage value of a test object

value of the test voltage causing disruptive discharge, as specified, for the various tests, in
the relevant clauses of the present standard

3.1.6

non-disruptive discharge

discharge between intermediate electrodes or conductors where the test voltage does not
collapse to zero

NOTE 1 Such an event should not be interpreted as a disruptive discharge unless so specified by the relevant
Technical Committee.

NOTE 2 Some non-disruptive discharges are termed “partial discharges” and are dealt with in IEC 60270.

3.2 Definitions relating to characteristics of the test voltage

3.21

prospective characteristics of a test voltage

characteristics which would have been obtained if no disruptive discharge had occurred.
When a prospective characteristic is used, this shall always be stated.

3.2.2
actual characteristics of a test voltage
those characteristics which occur during the test at the terminals of the test object

3.2.3
value of the test voltage
as defined in the relevant clauses of this standard

© STANDARDS MALAYSIA 2015 - All rights reserved
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3.24

withstand voltage of a test object

specified prospective voltage value which characterizes the insulation of the object with
regard to a withstand test

NOTE 1 Unless otherwise specified, withstand voltages are referred to standard reference atmospheric conditions
(see 4.3.1).

NOTE 2 This applies to external insulation only.

3.2.5

assured disruptive-discharge voltage of a test object

specified prospective voltage value which characterizes its performance with regard to a
disruptive-discharge test

3.3 Definitions relating to tolerance and uncertainty

3.3.1
tolerance
constitutes the permitted difference between the measured value and the specified value

NOTE 1 This difference should be distinguished from the uncertainty of a measurement.

NOTE 2 A pass/fail decision is based on the measured value, without consideration of the measurement
uncertainty.

3.3.2

uncertainty (of measurement)

parameter, associated with the result of a measurement, that characterizes the dispersion of
the values that could be reasonably attributed to the measurand

[IEV 311-01-02]

NOTE 1 In this standard, all uncertainty values are specified at a level of confidence of 95 %.
NOTE 2 Uncertainty is positive and given without sign.

NOTE 3 It should not be confused with the tolerance of a test-specified value or parameter.

3.4 Definitions relating to statistical characteristics of disruptive-discharge voltage
values

3.41
disruptive-discharge probability of a test object

p
probability that one application of a certain prospective voltage value of a given shape will
cause disruptive discharge in the test object

NOTE The parameter p may be expressed as a percentage or a proper fraction.

3.4.2
withstand probability of a test object

q
probability that an application of a certain prospective voltage value of a given shape does not
cause a disruptive discharge on the test object

NOTE If the disruptive-discharge probability is p, the withstand probability ¢ is (1 — p).

3.4.3
p % disruptive-discharge voltage of a test object
U
p
prospective voltage value which has p % probability of producing a disruptive discharge on
the test object

© STANDARDS MALAYSIA 2015 - All rights reserved
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NOTE 1 Mathematically the p % disruptive-discharge voltage is the quantile of the order p (or p quantile) of the
breakdown voltage.

NOTE 2 U,, is called the “statistical withstand voltage” and U,, is called the “statistical assured disruptive-
discharge voltage”.

3.4.4

50 % disruptive-discharge voltage of a test object

Uso

prospective voltage value which has a 50 % probability of producing a disruptive discharge on
the test object

3.4.5
arithmetic mean value of the disruptive-discharge voltage of a test object,
U

a

n
U, =1>v;
i=1

where

U; is the measured disruptive-discharge voltage and

n is the number of observations (discharges).
NOTE For symmetric distributions U, is identical to Uy,.

3.4.6

standard deviation of the disruptive voltage of a test object

N

a measure of the dispersion of the disruptive voltage estimated by

§= 1 i(Ui_Ua)z

n—143
where
Uj is the /"™ measured disruptive voltage and
U, is the arithmetic mean of the disruptive voltages (in most cases it is identical to Us).
n is the number of observations (discharges).

NOTE 1 It can also be evaluated by the difference between the 50 % and 16 % disruptive-discharge voltages (or
between the 84 % and 50 % disruptive-discharge voltages). It is often expressed in per unit or percentage value
referred to the 50 % disruptive-discharge voltage.

NOTE 2 For successive disruptive-discharge tests the standard deviation s is defined by the formula. For multiple
level and up-and-down tests it is defined by the difference of the quantiles. The methods are equivalent because,
between p = 16 % and p = 84 % all distribution functions are nearly identical.

3.5 Definitions relating to classification of insulation in test objects

3.5.1

external insulation

air insulation and the exposed surfaces of solid insulation of the equipment, which are subject
both to dielectric stresses and to the direct effects of atmospheric and other external
conditions

3.5.2

internal insulation

internal solid, liquid or gaseous elements of the insulation of equipment protected from the
direct effects of external conditions such as pollution, humidity and vermin
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3.5.3

self-restoring insulation

insulation which completely recovers its insulating properties after a disruptive discharge
caused by the application of a test voltage

[IEV 604-03-04, modified]

3.54

non-self-restoring insulation

insulation which loses its insulating properties, or does not recover them completely, after a
disruptive discharge caused by the application of a test voltage

[IEV 604-03-05, modified]

NOTE In high-voltage apparatus, parts of both self-restoring and non-self-restoring insulation are always
operating in combination and some parts may be degraded by repeated or continued voltage applications. The
behaviour of the insulation in this respect should be taken into account by the relevant Technical Committee when
specifying the test procedures to be applied.

4 General requirements

4.1 General requirements for test procedures

The test procedures applicable to particular types of test objects, for example, the test
voltage, the polarity to be used, the preferred order if both polarities are to be used, the
number of applications and the interval between applications shall be specified by the
relevant Technical Committee, having regard to such factors as:

— the required accuracy of the test results;
— the random nature of the observed phenomena;
— any polarity dependence of the measured characteristics and

— the possibility of progressive deterioration with repeated voltage applications.

At the time of a test, the test object shall be complete in all essential details, and it should
have been processed in the normal manner for similar equipment.

At the time of a test, the test object should have become acclimatised as much as practicable
to the ambient atmospheric conditions of the test area. The period allocated to reach
equilibrium should be recorded.

4.2 Arrangement of the test object in dry tests

The disruptive-discharge characteristics of a test object with external insulation may be
affected by its general arrangement (for example, proximity effects such as distance in air
from other live or earthed structures, height above ground level and the arrangement of its
high-voltage lead). The general arrangement should be specified by the relevant Technical
Committee.

NOTE 1 A clearance to extraneous structures not less than 1,5 times the length of the shortest possible discharge
path on the test object usually makes such proximity effects negligible. In wet or pollution tests, or wherever the
voltage distribution along the test object and the electric field around its energized electrode are sufficiently
independent of external influences, smaller clearances may be acceptable, provided that discharges do not occur
to extraneous structures.

NOTE 2 In the case of a.c. or positive switching-impulse voltage tests above 750 kV (peak) the influence of an
extraneous structure may be considered as negligible if its distance from the energized electrode is also not less
than the height of this electrode above the ground plane. A guide for recommended minimum clearance is given in
Figure 1, as a function of the highest test voltage. Significant shorter clearances may be suitable in individual
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cases. However, an experimental adaptation or a field calculation, taking into account a voltage dependent
maximum field strength as described in the literature [1, 2]1, is recommended.
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Upeak (kV) IEC 2204/10

Figure 1 —- Recommended minimum clearance D of extraneous live or earthed objects to
the energized electrode of a test object, during an a.c. or positive switching impulse
test at the maximum voltage U applied during test

If not otherwise specified by the relevant Technical Committee, the test should be made at
ambient atmospheric conditions in the test area without extraneous precipitation or pollution.
The procedure for voltage application shall be as specified in the relevant clauses of this
standard.

4.3 Atmospheric corrections in dry tests
4.3.1 Standard reference atmosphere

The standard reference atmosphere is:

— temperature to =20 °C;
— absolute pressure po=1013 hPa (1 013 mbar) ;
— absolute humidity hy = 11 g/m3.

NOTE 1 An absolute pressure of 1 013 hPa corresponds to the height of 760 mm of the mercury column in a
mercury barometer at 0 °C. If the barometer height is H mm of mercury, the atmospheric pressure in hectopascal is
approximately:

p =1,333 H hPa
Correction for temperature with respect to the height of the mercury column is considered to be negligible.

NOTE 2 Instruments automatically correcting pressure to sea level are not suitable and should not be used.
4.3.2 Atmospheric correction factors for air gaps

The disruptive discharge of external insulation depends upon the atmospheric conditions.
Usually, the disruptive-discharge voltage for a given path in air is increased by an increase in
either air density or humidity. However, when the relative humidity exceeds about 80 %, the
disruptive-discharge voltage becomes irregular, especially when the disruptive discharge
occurs over an insulating surface.

1 Numbers in square brackets refer to the Bibliography.
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NOTE Atmospheric corrections do not apply to flashover, only to sparkover.

The disruptive-discharge voltage is proportional to the atmospheric correction factor K; that
results from the product of two correction factors:

— the air density correction factor k; (see 4.3.4.1);
— the humidity correction factor k, (see 4.3.4.2).

K[ = k1k2

4.3.3 Application of correction factors
4.3.31 Standard procedure

By applying correction factors, a disruptive-discharge voltage measured in given test
conditions (temperature ¢, pressure p, humidity #) may be converted to the value, which would
have been obtained under the standard reference atmospheric conditions (¢, py, 4y).

Disruptive-discharge voltages, U, measured at given test conditions are corrected to U,
corresponding to standard reference atmosphere by dividing by K;:

Uy =U/K,

The test report shall always contain the actual atmospheric conditions during the test and the
correction factors applied.

4.3.3.2 Converse procedure

Conversely, where a test voltage is specified for standard reference conditions, it shall be
converted into the equivalent value under the test conditions and this may require an iterative
procedure.

If not otherwise specified by the relevant Technical Committee, the voltage U to be applied
during a test on external insulation is determined by multiplying the specified test voltage U,
by K;;

U= UoK[

However, as U enters into the calculation of Ki, an iterative procedure might have to be used
(see Annex E).

NOTE 1 The test for the correct choice of U for the calculation of X, is to divide U by K,. If the result is the
specified test voltage, U, then a correct choice of U has been made. If U, is too high, U has to be reduced but if it
is too low, it has to be increased.

NOTE 2 When K, is close to unity, iterative calculation is not necessary.

NOTE 3 In correcting power-frequency voltage the peak value has to be used, because the discharge behaviour
is based on the peak value.

4.3.4 Correction factor components
4.3.4.1 Air density correction factor, k,

The air density correction factor k; depends on the relative air density 6 and can be generally
expressed as:

k] =5m
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where m is an exponent given in 4.3.4.3.

When the temperatures ¢ and ¢, are expressed in degrees Celsius and the atmospheric
pressures p and pg are expressed in the same units, the relative air density is:

5=£><273+t°
po 273+t

The correction is considered reliable for 0,8 < k4 < 1,05.

4.3.4.2 Humidity correction factor, &,
The humidity correction factor may be expressed as:
k2 ZkW
where w is an exponent given in 4.3.4.3 and k is a parameter that depends on the type of test

voltage and may be obtained as a function of the ratio of absolute humidity, %, to the relative
air density, J, using the following equations (Figure 2):

DC k=1+0014(h/5 —11)-0,00022(h/5 — 11 for 1 g/m3 < h/6 < 15 g/m3
AC k=1+0012(r/5 -11) for 1 g/m3 < h/6 < 15 g/m3
Impulse k=1+0010(h/6 —11) for 1 g/m3 < h/6 < 20 g/m3

NOTE The impulse equation is based on experimental results for positive lightning-impulse waveforms. This
equation also applies to negative lightning-impulse voltages and switching-impulse voltages.

1,2
1,15
= *
1,05 /' -
3 — — C

< — AC

1,0 = = = = |mpulse

P
0,95 N
L
0o - L
, / /
7
0,85 /7
0,8
0 5 10 15 20 25 30
3
hl6 (g/m”) IEC 2205/10

Figure 2 — k as a function of the ratio of the absolute humidity 4 to the relative air
density J (see 4.3.4.2 for limits of applicability)
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For U, below 72,5 kV (or approximately gap lengths / < 0,5 m) no humidity correction can at
present be specified.

NOTE For specific apparatus, the relevant Technical Committee has specified other procedures (e.g. IEC 62271-

1).
4.3.4.3 Exponents m and w

As the correction factors depend on the type of pre-discharges, this fact can be taken into
account by considering the parameter:

g= Uso
500 Lok

where Ujgq is the 50 % disruptive-discharge voltage (measured or estimated) at the actual
atmospheric conditions, in kilovolt peak,

L is the minimum discharge path in m,
d is the relative air density and

k is the dimension less parameter defined in 4.3.4.2.

In the case of a withstand test where an estimate of the 50 % disruptive-discharge voltage is
not available, Usy can be assumed to be 1,1 times the test voltage, Uj.

The exponents, m and w, are obtained from Table 1 for the specified ranges of g (Figure 3).

Table 1 — Values of exponents, m for air density correction and w for humidity
correction, as a function of the parameter g

g m w
<0,2 0 0

0,20 1,0 ¢(g-0,2)/0,8 2(2-0,2)/0,8

1,0to 1,2 1,0 1,0

1,2 t0 2,0 1,0 (2,2-¢)(2,0-¢)/0,8
>2,0 1,0 0

1.1
1,0
0,9

0,8 /
0,7 /
£ 0,6

0,5
0,4 /
0,3
0,2
0,1
0

0 02040608101,214161,8 2022242628 3,0

N IEC 2206/10

Figure 3a — Values of exponent m for air density correction
as a function of parameter g
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Figure 3b — Values of exponent w for humidity correction
as a function of parameter g

Figure 3 — Values of exponents m and w

4.3.5 Measurement of atmospheric parameters
4.3.5.1 Humidity

The humidity should preferably be determined with an instrument measuring directly the
absolute humidity with an expanded uncertainty not larger than 1 g/ms.

Measurement of relative humidity and the ambient temperature can also be used for the
determination of the absolute humidity, using the formula below, provided that the accuracy of
the absolute humidity determination in this case is the same as required above.

17,6x1
_ 611X Rxe243+
0,4615x (273 +1)

where

h is the absolute humidity in g/m°®,
R is the relative humidity in percent and

t is the ambient temperature in °C.

NOTE This measurement may also be made by means of a ventilated wet and dry bulb hygrometer. The absolute
humidity as a function of the thermometer readings is determined from Figure 4, which also permits determination
of the relative humidity. It is important to provide adequate airflow so as to reach a steady state and to read the
thermometers carefully in order to avoid excessive errors in the determination of the humidity.
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Figure 4 — Absolute humidity of air as a function of dry-
and wet-bulb thermometer readings

4.3.5.2 Temperature

The ambient temperature should be measured with an expanded uncertainty of not larger than
1°C.

4.3.5.3 Absolute pressure

The ambient absolute pressure should be measured with an expanded uncertainty of not
larger than 2 hPa.

4.3.6 Conflicting requirements for testing internal and external insulation

While withstand levels are specified under standard reference atmospheric conditions, cases
will arise where the application of atmospheric corrections (due to atmospheric conditions
differing from the standard reference ones) results in the withstand level for internal insulation
appreciably in excess of that for the associated external insulation. In such cases measures
to enhance the withstand level of the external insulation shall be adopted to permit application
of the correct test voltage to the internal insulation. These measures should be specified by
the relevant Technical Committee with reference to the requirements of particular classes of
apparatus and could include immersion of the external insulation in liquids or compressed
gases.

For those cases where the test voltage of the external insulation is higher than that of the
internal insulation, the external insulation can only be correctly tested when the internal
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insulation is especially designed with increased strength. If not, the internal insulation should
be tested with the rated value and the external insulation be tested by means of test fixtures
unless the relevant Technical Committee states otherwise, in which case it shall specify the
test procedure to be used.

4.4 Wet tests
4.41 Wet test procedure

This wet test procedure is intended to simulate the effect of natural rain on external insulation.
It is recommended for tests with all types of test voltages and on all types of apparatus.

The relevant Technical Committee should specify the arrangement of the test object during
the test.

The test object shall be sprayed with water of prescribed resistivity and temperature (see
Table 2) falling on it as droplets (avoiding fog and mist) and directed so that the vertical and
horizontal components of the spray intensity are approximately equal. These intensities are
measured with a divided collecting vessel having openings of 100 cm2 to 750 cm2, one
horizontal and one vertical with the vertical opening facing the spray.

The position of the test object relative to the vertical and horizontal rain components shall be
specified by the relevant Technical Committee.

In general, the reproducibility of wet test results is less than that for other high-voltage
discharge or withstand tests. To minimize the dispersion, the following precautions shall be
taken:

— The collecting vessel shall be placed close to the test object, but avoiding the collection of
drops or splashes from it. During the measuring period, it should be moved slowly over a
sufficient area to average the effect of non-uniformities of the spray from individual
nozzles. This measuring zone shall have a width equal to that of the test object and a
maximum height of 1 m.

— For test objects between 1 m and 3 m in height, the individual measurements shall be
made at the top, centre and bottom of the test object. Each measuring zone shall cover
only one third of the height of the test object.

— For test objects exceeding 3 m in height, the number of measuring zones shall be
increased to cover the full height of the test object without overlapping.

— The above procedures shall be suitably adapted for test objects having large horizontal
dimensions.

— The spread of results may be reduced if the test object is cleaned with a surface-active
detergent, which has to be removed before the beginning of wetting.

— The spread of results may also be affected by local anomalous (high or low) precipitation
rates. It is recommended to detect these by localized measurements and to improve the
uniformity of the spray, if necessary.

The spray apparatus shall be adjusted to produce, within the specified tolerances,
precipitation conditions at the test object given in Table 2.

Any type and arrangement of nozzles meeting the requirements given in Table 2 may be
used.
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Table 2 — Precipitation conditions for standard procedure

Precipitation condition Unit Range

Average precipitation rate of all

measurements: [mm/min] 1.0 t0 2,0

— vertical component [mm/min] 1,0 to 2,0

— horizontal component
I;Ln(;l:%rfoerai:ycglncfi‘lgé(:]lgltmeasurement [mm/min] +0,5 from average
Temperature of water [°C] Ambient temperature 15
Conductivity of water [uS/cm] 100 £ 15

The water temperature and resistivity shall be measured on a sample collected immediately
before the water reaches the test object. They may also be measured at other locations (e.g.,
in a storage reservoir) provided that a check ensures that no significant change occurs by the
time the water reaches the test object.

The test object shall be pre-wetted initially for at least 15 min under the above-specified
conditions and these conditions shall remain within the specified tolerances throughout the
test, which should be performed without interrupting the wetting. The pre-wetting time shall
not include the time needed for adjusting the spray. It is also possible to perform an initial
pre-wetting by unconditioned mains water for 15 min, followed without interruption of the
spray by a second pre-wetting for at least 2 min before the test begins, using water with all
the correct precipitation conditions, which should be measured immediately before starting the
test.

Unless otherwise specified by the relevant Technical Committee, the test procedure for wet
tests shall be the same as that specified for the corresponding dry tests. The test duration for
an a.c. test shall be 60 s, if not otherwise specified. In general, for alternating and direct
voltage wet withstand tests, it is recommended that one flashover should be permitted
provided that in a repeat test no further flashover occurs.

NOTE For a.c. apparatus of large dimensions, such as those having a maximum rated voltage, U,,, higher than
800 kV, no appropriate wet test procedure is available at present.

4.4.2 Atmospheric corrections for wet tests

A density correction factor shall be applied as specified in 4.3, but no humidity correction
factor shall be applied for wet tests.

4.5 Artificial pollution tests

Artificial pollution tests are intended to provide information on the behaviour of external
insulation under conditions representative of pollution in service, although they do not
necessarily simulate any particular service conditions. They are described in IEC 60507.

5 Tests with direct voltage

5.1 Definitions for direct voltage tests

5.1.1
value of the test voltage
arithmetic mean value

5.1.2

ripple
periodic deviation from the arithmetic mean value of the test voltage
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5.1.3
ripple amplitude
half the difference between the maximum and minimum values

NOTE In cases where the ripple shape is nearly sinusoidal, true r.m.s. values multiplied by V2 are acceptable for
determination of the ripple amplitude.

5.1.4

ripple factor

ratio of the ripple amplitude to the value of test voltage
5.1.5

voltage drop
instantaneous reduction of the test voltage for a short duration of up to a few seconds

NOTE Voltage drop may be caused by non-disruptive discharges.
5.2 Test voltage

5.21 Requirements for the test voltage

5211 Voltage shape

The test voltage, as applied to the test object, should be a direct voltage with not more than
3 % ripple factor, unless otherwise specified by the relevant Technical Committee.

NOTE Increasing ripple amplitude is directly related to increasing resistive load currents. Dielectric testing where
heavy streamers are present may cause excessive ripple and/or voltage drop. Wet testing and pollution testing by
their very nature require sources suitable for high resistive currents, see IEC 60507.

5.2.1.2 Tolerances

For test durations not exceeding 60 s, the measured values of the test voltage shall be
maintained within £1 % of the specified level throughout the test. For test durations exceeding
60 s, the measured value of the test voltage shall be maintained within £3 % of the specified
level throughout the test.

NOTE It is emphasized that the tolerance constitutes the permitted difference between the specified value and
that actually measured. This difference should be distinguished from the uncertainty of a measurement (see 3.3.1).

The source characteristics should be sufficient to allow charging of the capacitance of the test
object in a reasonably short time. In the case of wet or pollution tests, the source, including its
storage capacitance, should also be adequate to supply the transient discharge currents of
the test object with a voltage drop of < 10 %.

5.2.2 Generation of the test voltage

The test voltage is generally obtained by means of transformer rectifier circuits. The
requirements to be met by the test-voltage source depend considerably upon the type of
apparatus that is to be tested and on the test conditions. These requirements are determined
mainly by the value and nature of the test current to be supplied, the important constituents of
which are indicated in 5.2.4.

5.2.3 Measurement of the test voltage

The measurement of the arithmetic mean value, the ripple factor and any transient in the test
voltage shall be made with approved measuring systems (see I[EC 60060-2).

Attention is drawn to the requirements the on response characteristics of converting devices
used for measuring ripple, transients or voltage stability.
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5.2.4 Measurement of the test current

When measurements of current are made through the test object, a number of separate
components may be recognized. These differ from each other by several orders of magnitude
for the same test object and test voltage. They consist of:

— the capacitive current, due to the initial application of the test voltage and to any ripple or
other fluctuations imposed on it;

— the dielectric absorption current, due to slow charge displacements within the insulation
and persisting for periods of a few seconds up to several hours. This process is partially
reversible, currents of the opposite polarity being observed when the test object is
discharged and short-circuited;

— the continuous leakage current, which is the final steady direct current attained at constant
applied voltage after the above components have decayed to zero;

— partial discharge currents.

Measurement of the first three components necessitates the use of instruments covering a
wide range of current magnitudes. It is important to ensure that the instrument, or the
measurement of any one component of the current, is not adversely affected by the other
components. Information concerning the condition of the insulation may sometimes be
obtained by observing current variations with respect to time, during non-destructive tests.

The relative magnitude and the importance of each component of current depend on the type
and the condition of the test object, the purpose for which the test is being made and the
duration of the test. Accordingly, the measurement procedures should be specified by the
relevant Technical Committee, especially when it is required to distinguish a particular
component.

Current measurements shall be made with a calibrated measuring system.

Measurements of partial discharge pulse currents are made with special instruments, which
are dealt with in IEC 60270.

NOTE Voltage protective devices should always be used in d.c. current measurement circuits due to the
possibility of disruptive-discharge currents occurring that are much larger than the normal currents.

5.3 Test procedures
5.3.1 Withstand voltage tests

The voltage should be applied to the test object starting at a value sufficiently low to prevent
any effect of overvoltage due to switching transients. It should be raised sufficiently slowly to
permit reading of the measuring instruments, but not so slowly as to cause unnecessary
prolongation of stress to the test object near the test voltage U. These requirements are in
general met if the rate of rise is about 2 % of U per second when the applied voltage is above
75 % of U. It shall be maintained for the specified time and then reduced by discharging the
circuit capacitance, including that of the test object, through a suitable resistor.

The test duration shall be specified by the relevant Technical Committee taking into
consideration that the time to reach the steady-state voltage distribution depends on the
resistances and capacitances of the test object components. When not otherwise specified by
the relevant Technical Committee, the duration of a withstand test shall be 60 s.

The polarity of the voltage or the order in which voltages of each polarity are applied, and any
required deviation from the above specifications, shall be specified by the relevant Technical
Committee.

The requirements of the test are satisfied if no disruptive discharge occurs on the test object.
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5.3.2 Disruptive-discharge voltage tests

The voltage shall be applied and raised continuously, as for a withstand voltage test, until a
disruptive discharge occurs on the test object. The last value of the test voltage recorded
before the instant of the disruptive discharge shall be recorded. This shall be repeated for the
number of times » specified in the test procedure to give a set of n measured voltages.

The relevant Technical Committee shall specify the rate of voltage rise, the number of voltage
applications and the procedure for evaluating the test results (see Annex A).

5.3.3 Assured disruptive-discharge voltage tests

The voltage shall be applied and raised continuously, as for a withstand voltage test, until a
disruptive discharge occurs on the test object. The last value of the test voltage reached just
before the instant of the disruptive discharge shall be recorded. This shall be repeated for the
number of times » specified in the test procedure to give a set of n measured voltages.

The requirements of the test are satisfied if no voltage in this set exceeds the assured
disruptive-discharge voltage.

The relevant Technical Committee shall specify the number of voltage applications and the
rate of voltage rise.

6 Tests with alternating voltage

6.1 Definitions for alternating voltage tests

6.1.1
peak value of an alternating voltage
average of the magnitudes of the positive and negative peak values

NOTE In many cases instruments measuring only one polarity peak are used. Measuring only one polarity is
acceptable as long as waveform symmetry is within the limits set in 6.2.1.1.

6.1.2
value of the test voltage
its peak value divided by V2

NOTE The relevant Technical Committee may require a measurement of the r.m.s. value of the test voltage
instead of the peak value for cases where the r.m.s. value may be of importance, for instance, when thermal
effects are involved.

6.1.3
r.m.s. value
square root of the mean value of the square of the voltage values during a complete cycle

6.1.4
voltage drop
instantaneous reduction of the test voltage for a short duration of up to a few periods

6.2 Test Voltage
6.2.1 Requirements for the test voltage
6.2.1.1 Voltage waveshape

The test voltage shall be an alternating voltage generally having a frequency in the range
45 Hz to 65 Hz, normally referred to as power-frequency test voltage. Special tests may be
required at frequencies considerably below or above this range, as specified by the relevant
Technical Committee.
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NOTE IEC 60060-3 describes alternating test voltages for frequencies from 10 Hz to 500 Hz.

The voltage waveshape shall approximate to a sinusoid with the difference of the magnitudes
of the positive and negative peak values being less than 2 %.

The results of a high-voltage test are thought to be unaffected by small deviations from a
sinusoid if the ratio of peak to r.m.s. values equals V2 within £5 %.

For some test circuits in common use greater deviations have to be accepted. Note that the
test object, especially if it has non-linear characteristics, may considerably affect the deviation
from a sinusoid.

NOTE In addition to the above requirement, the total harmonic distortion (THD) can be used to characterize the
wave shape distortion as this might be important for partial discharge pattern recognition measurements.
Specifications may be given by the relevant Technical Committee.

6.2.1.2 Tolerances

For test durations not exceeding 60 s, the measured values of the test voltage shall be
maintained within £1 % of the specified level throughout the test. For test durations exceeding
60 s the measured value of the test voltage shall be maintained within £3 % of the specified
level throughout the test.

The test voltage source including the supporting capacitances should be adequate to supply
the transient discharge currents also in the case of wet and pollution tests with a voltage drop
of </=20 %.

NOTE It is emphasized that the tolerance constitutes the permitted difference between the specified value and
that actually measured. This difference should be distinguished from the uncertainty of a measurement (see 3.1.1).

6.2.2 Generation of the test voltage
6.2.2.1 General requirements

The test voltage is generally supplied from a step-up transformer. Alternatively, it may be
generated by means of a series-resonant or parallel-resonant circuit.

The voltage in the test circuit shall be stable enough to be practically unaffected by varying
leakage currents. Non-disruptive discharges in the test object shall not reduce the test voltage
to such an extent and for such a time that the measured disruptive-discharge voltage of the
test object is significantly affected.

NOTE Attention is drawn to the possibility that such non-disruptive discharges may cause large over swings of
voltage between the terminals of the test object. This phenomenon may cause failure of the test object or of the
testing source. Introduction of a resistance to the high-voltage circuit can dampen such overvoltage transients but
the resistance should be of a sufficiently low value so as not to affect the test voltage delivered to the test object.

The total capacitance of the test object and of any additional capacitor should be sufficient to
ensure that the measured disruptive-discharge voltage is unaffected by non-disruptive partial
discharges or pre-discharges in the test object. A capacitance in the range from 0,5 nF to
1,0 nF is generally sufficient.

6.2.2.2 Requirements for the transformer test circuit

High-voltage tests normally result in load currents with superimposed time varying current
pulses as voltage is increased. The magnitude and duration of the current pulses is influenced
by the test arrangement, the conductors used to connect the test object, atmospheric
conditions, the characteristics of the test source and other factors. It is normal for apparatus
to produce some current pulses since the test voltages are much higher than the operational
voltages and these devices often lack large electrodes and ground shields to keep the test
object electrically quiet. Since the current pulses are of short duration, voltage drops may be
unrecognized by conventional AC measuring systems. The voltage stability of an a.c. test
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system used in tests with time varying leakage current pulses can be verified by using a
voltage measuring system with sufficient bandwidth.

For dry tests below 100 kV on samples of solid insulation, insulating liquids or combinations
of the two a test source rated current of >100 mA and a system (transformer, regulator, etc. or
generator) short circuit impedance of <20 % is generally sufficient.

For dielectric tests above 100 kV on external self-restoring insulation (low capacitance test
objects such as insulators, circuit breakers and switches) a test source rated current of
>100 mA and a system short circuit impedance of <20 % is generally sufficient for dry tests
where no streamers are present.

For dielectric tests above 100 kV test system current ratings of 1 A and system short circuit
impedances <20 % may be necessary if continuous streamers are encountered or if wet tests
are performed. When continuous streamers are present it is recommended that faster
responding voltage measurements are made to ensure that the test voltage is held within the
voltage drop limit for the duration of the test. Alternatively, counter measures such as
increasing electrode diameters or using larger connecting conductors can be used to reduce
the streamers.

Short duration current pulses encountered at any test voltage are mostly supplied from the
charge stored in capacitance in the test circuit. It is recommended that for tests above 100 kV
a circuit capacitance greater than or equal to 1 000 pF be installed.

For tests under artificial pollution, steady state current ratings of 1 A to 5 A may be
necessary. See IEC 60507.

6.2.2.3 The series-resonant circuit

The series-resonant circuit consists essentially of an inductor in series with a capacitive test
object or load connected to a medium-voltage power source. Alternatively it may consist of a
capacitor in series with an inductive test object. By varying the circuit parameters or the
supply frequency, the circuit can be tuned to resonance, when a voltage considerably greater
than that of the source and of substantially sinusoidal shape is applied to the test object.

The stability of the resonance conditions and of the test voltage depends on the stability of
the supply frequency and of the test system characteristic, described by the quality factor,
which is the ratio between test reactive power and power loss.

When a discharge occurs, the circuit capacitance discharges instantaneously and then the
follow-through current from the source is relatively low. The limited follow-through current
generally results in less damage to the test object.

The series-resonant circuit is especially useful when testing capacitive objects in which the
leakage currents on the external insulation are small in comparison with the capacitive
currents through the test object or the energy to form a disruptive discharge is very small. A
series resonant circuit can supply higher leakage currents as additional capacitance is added
to the circuit. A series-resonant circuit is also useful for testing reactors with sufficient circuit
capacitance.

The series resonant circuit may be unsuitable for testing external insulation under wet or
polluted conditions, unless the requirements of 6.2.2.1 are satisfied. In general, wet tests can
be performed with adequate preload capacitance added.

6.2.3 Measurement of the test voltage

The measurement of the value of the test voltage, the r.m.s. value, and the transient drops
shall be made with an approved measuring system (see IEC 60060-2).
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6.2.4 Measurement of the test current

The current is usually measured by a conventional current transformer coupled to the ground
lead of the test object. It can also be measured in the high-voltage lead to the test object.

Current measurements shall be made with a calibrated measuring system.

NOTE The current can also be measured in the earthed lead of the step-up transformer or resonance reactor,
provided the current of any parallel capacitor can be neglected.

6.3 Test procedures
6.3.1 Withstand voltage tests

The voltage shall be applied to the test object starting at a value sufficiently low to prevent
any effect of overvoltages due to switching transients or due to uncontrolled resonance
conditions. It should be raised sufficiently slowly to permit reading of the measuring
instrument but not so slowly as to cause unnecessary prolongation of the stressing of the test
object near to the test voltage U. These requirements are in general met if the rate of rise is
about 2 % of U per second, when the applied voltage is above 75 % of U. It shall be
maintained for the specified time and then rapidly decreased, but not suddenly interrupted as
this may generate switching transients, which could cause damage or erratic test results.

The test duration shall be specified by the relevant Technical Committee and shall be
independent of the frequency in the range from 45 Hz to 65 Hz. If not specified by the relevant
Technical Committee the duration of a withstand test shall be 60 s.

The requirements of the test are satisfied if no disruptive discharge occurs on the test object.

6.3.2 Disruptive-discharge voltage tests

The voltage shall be applied and raised continuously, as for a withstand voltage test, until a
disruptive discharge occurs on the test object. The last value of the test voltage recorded
before the instant of the disruptive discharge shall be recorded. This shall be repeated for the
number of times n specified in the test procedure to give a set of n measured voltages.

The relevant Technical Committee shall specify the rate of rise of the voltage, the number of
voltage applications and the procedure for evaluating the test results (see Annex A).

6.3.3 Assured disruptive-discharge voltage tests

The voltage shall be applied and raised continuously, as for a withstand voltage test, until a
disruptive discharge occurs on the test object. The last value of the test voltage recorded
before the instant of the disruptive discharge shall be recorded. This shall be repeated for the
number of times » specified in the test procedure to give a set of » measured voltages.

The requirements of the test are satisfied if no voltage in this set exceeds the assured
disruptive-discharge voltage.

The relevant Technical Committee shall specify the number of voltage applications and the
rate of rise of the voltage.
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7 Tests with lightning-impulse voltage

71 Definitions for lightning-impulse voltage tests

711

impulse voltage

intentionally applied aperiodic transient voltage, which usually rises rapidly to a peak value
and then falls more slowly to zero

NOTE For special purposes, impulses having approximately linearly rising fronts or transients of oscillating or
approximately rectangular form are used.

7.1.2
lightning-impulse voltage
impulse voltage with a front time less than 20 us

7.1.3
full lightning-impulse voltage
lightning-impulse voltage, which is not interrupted by a disruptive discharge (see Figure 5)

Uk
Us

0 -
t
IEC 2209/10

Figure 5 — Full lightning-impulse voltage

7.1.4

overshoot

increase of amplitude of an impulse voltage due to a damped oscillation at the peak caused
by the circuit

NOTE Such oscillations (frequency range usually 0,1 MHz to 2 MHz) are caused by circuit inductance and
sometimes cannot be avoided in large circuits or for inductive test objects. Methods for evaluation of overshoot are
given in Annex B.

7.1.5
recorded curve
graphical or digital representation of the test data of an impulse voltage

7.1.6

base level

level of a record of an impulse measuring system when there is zero input to the recording
instrument
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71.7
base curve
estimate of a full lightning-impulse voltage without a superimposed oscillation (see Annex B)

7.1.8

residual curve

R(®)

difference between the recorded curve and the base curve (see Annex B)

7.1.9

extreme value
Ue

maximum value of the recorded curve measured from the base level in the same sense as the

applied impulse

7.1.10

base curve maximum

Up

maximum value of the base curve

7.1.11

test voltage function

amplitude-frequency function which is defined to represent the response of insulation to
impulses with overshoot. It is given by:

1

H)=——
1422f

where f'is the frequency in MHz (see Figure 6).

NOTE 1 Different test voltage curves for different types of insulation may be specified by the relevant Technical
Committee when more test data becomes available.

NOTE 2 Applying this function as a filter to the residual voltage curve allows the calculation of the value of the
test voltage of the equivalent full lightning-impulse voltage (see Annex B, Annex C and Annex D).
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100,000
IEC 2210/10

Figure 6 — Test voltage function

7.1.12

filtered residual curve

Ry(t)

residual curve filtered by the test voltage function

7.1.13
test voltage curve
summation of the base curve and the filtered residual curve

NOTE This is a mathematical representation of the filtering process and is not a physical entity or an equivalent
impulse.

7.1.14

equivalent smooth impulse

estimated lightning-impulse voltage without overshoot having a peak value equal to the
maximum value of the test voltage curve and the same front time and time to half-value as the
related test voltage curve

NOTE An equivalent smooth impulse has the same dielectric breakdown behaviour as the recorded curve.

7.1.15

value of the test voltage

Ut

maximum value of the test voltage curve measured from the base level in the same sense as
the applied impulse

7.1.16
overshoot magnitude

difference between the extreme value of the recorded curve and the maximum value of the
base curve
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7.1.17
relative overshoot magnitude

4

ratio of the overshoot magnitude to the extreme value, usually expressed as a percentage

7.1.18

front time

T4

virtual parameter defined as 1/0,6 times the interval T between the instants when the impulse
is 30 % and 90 % of the peak value on the test voltage curve (points A and B, Figure 7)

Ui
1,0

0,9

0,5
0,3 A
0 >
T t
I’ T1=T0,6
T4
T2 T'=0371=05T
0 01 IEC 2211/10

Figure 7 — Full impulse voltage time parameters

7.1.19

virtual origin

04

instant preceding that corresponding to point A, of the test voltage curve (see Figure 7) by a
time 0,3 T,

NOTE For records having linear time scales, this is the intersection with the time axis of a straight line drawn
through the reference points A and B on the front.

7.1.20

average rate of rise

slope of the best fitting straight line, calculated from the recorded curve, using all the data
points between the 30 % and 90 % of the extreme value levels and usually expressed in
kilovolts per microsecond

NOTE In the case of noise or oscillations at the 30 % and 90 % levels, the data set is bounded by the first point
after the last crossing of the 30 % level and by the last point before the first crossing of the 90 % level.

7.1.21

peak time

Te

extreme value, Uy, divided by the average rate of rise
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7.1.22

time to half-value

T,

virtual parameter defined as the time interval between the virtual origin, 04, and the instant
when the test voltage curve has decreased to half the test voltage value (see Figure 7)

7.1.23

voltage time interval

T)

time interval for which the recorded curve exceeds AU, where 0 < A< 1 (see Figure 8)

Uh
Ue

AUs

T,

0 >
t

IEC 2212/10

Figure 8 — Voltage time interval

7.1.24

voltage integral

integral of the recorded curve with respect to time over a specified time interval (see
Figure 9).

0 o
Ta Th t
IEC 2213/10

Figure 9 — Voltage integral
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7.1.25

chopped lightning-impulse voltage

lightning-impulse voltage during which a disruptive discharge causes a rapid collapse of the
voltage, practically to zero value (see Figure 10 to Figure 12).

7.1.26

instant of chopping

instant at which the extrapolation of the line between the 70 % and 10 % points (C and D) on
the voltage collapse crosses the level immediately before the collapse (see Figure 10 and
Figure 11).

7.1.27

time to chopping

Te

virtual parameter defined as the time interval between the virtual origin O, and the instant of
chopping (see Figure 10 and Figure 11).

7.1.28

characteristics related to the voltage collapse during chopping

two points C and D at 70 % and 10 % of the voltage immediately before the voltage collapse
(see Figure 11)

NOTE 1 The duration of the voltage collapse is defined as 1/0,6 times the time interval between points C and D.
The steepness of the voltage collapse is the ratio of the voltage at the instant of chopping to the duration of voltage
collapse.

NOTE 2 The use of points C and D is for definition purposes only; it is not implied that the duration and steepness
of chopping can be measured with any degree of accuracy using conventional measuring systems.

.\

1.0p - - N

o9 B

o7+ C

03F——————— A

o1 pf - ] --@bD

0 - -

\/4— Extreme value

B Tc of undershoot

IEC 2214/10

Figure 10 — Lightning-impulse voltage chopped on the front
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04 IEC 2215/10

Figure 11 — Lightning-impulse voltage chopped on the tail

7.1.29

extreme value of the undershoot of an impulse

maximum amplitude measured from the base level in the opposite sense to the applied
impulse (see Figure 10).

7.1.30

linearly rising front-chopped impulse

voltage rising with approximately constant steepness, until it is chopped by a disruptive
discharge
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Figure 12 — Linearly rising front chopped impulse
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NOTE 1 To define such an impulse, the best fitting straight line is drawn through the part of the front between
30 % and 90 % of the peak magnitude; the intersections of this with the 30 % and 90 % voltage values then being
designated A and B, respectively (see Figure 12).

The impulse is defined by:
— the maximum voltage U,;

— the front time 7, and
— the virtual steepness S: S =U,/Tj .

This is the slope of the straight line drawn through the points A and B, usually expressed in kilovolts per
microsecond.

This chopped impulse is considered to be approximately linearly rising if the front, from 30 % amplitude up to the
instant of chopping, is entirely enclosed between two lines parallel to the line AB, but displaced from it in time by
+0,05 7, (see Figure 12).

NOTE 2 The value and the tolerance on the virtual steepness S should be specified by the relevant Technical
Committee.

7.1.31
Definitions for voltage/time curves

7.1.311
voltage/time curve for linearly rising impulse voltage
curve relating the discharge voltage to the front time T

NOTE The curve is obtained by applying impulse voltages of different steepness (see Figure 13).

7.1.31.2

voltage/time curve for impulse voltage of constant prospective shape

curve relating the disruptive-discharge voltage of the test object to the time to chopping,
which may occur on the front, at the peak or on the tail

NOTE The curve is obtained by applying impulse voltages with different prospective peak values (see Figure 13).

v v v .

IEC 2217/10

Figure 13 — Voltage/time curve for impulses of constant prospective shape

7.2 Test voltage
7.2.1 Standard lightning-impulse voltage

The standard lightning-impulse voltage is a smooth full lightning-impulse voltage having a
front time of 1,2 us and a time to half-value of 50 us and described as a 1,2/50 impulse.
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7.2.2 Tolerances

If not otherwise specified by the relevant Technical Committee, the following differences are
accepted between specified values for the standard impulse and those calculated from the
test voltage curve:

— Test voltage value: 13 %.
— Front time: +30 %.
— Time to half-value: +20 %.

If not otherwise specified by the relevant Technical Committee, the relative overshoot
magnitude shall not exceed 10 %.

For certain test circuits and test objects, standard waveshapes within the stated tolerances
may be impossible to realise. In such cases extension of front time T, or overshoot may be
necessary. Guidance for such cases should be given by the relevant Technical Committee.

NOTE The peak time, T, the voltage time interval, T, and the voltage integral are parameters under consideration
for alternate characterization of lightning-impulse voltages. Values may be assigned by the relevant Technical
Committee.

7.2.3 Standard chopped lightning-impulse voltage

This is a standard impulse chopped by an external gap with a time-to-chopping value between
2 us to 5 ps.

Other times to chopping may be specified by the relevant Technical Committee. The duration
of voltage collapse should be much faster than the front time of the impulse and limits may be
set by the relevant Technical Committee. The requirements for measurement and the
associated uncertainties are given in I[IEC 60060-2.

7.2.4 Special lightning-impulse voltages

In some cases oscillating lightning-impulse voltages may be applied. This offers the possibility
of producing impulses with shorter front times or with extreme values corresponding to a
generator efficiency greater than 1.

NOTE For details see IEC 60060-3.
7.2.5 Generation of the test voltage

The impulse is usually produced by an impulse generator consisting essentially of a number
of capacitors that are charged in parallel from a direct voltage source, then switched into
series and discharged into an impulse-forming circuit that includes the test object.

7.2.6 Measurement of the test voltage and determination of impulse shape

The measurement of the test voltage value, the time parameters and the overshoot or
oscillations on the test voltage shall be made with approved measuring systems (see
IEC 60060-2). The measurement shall be made with the test object in the circuit and, in
general, the impulse shape shall be checked for each test object. Where a number of test
objects of the same design and size are tested under identical conditions, the shape needs
only to be verified once.

For a chopped lightning impulse the collapse can occur on the front, at the peak or on the tail.
For a front chopped lightning-impulse voltage the test voltage curve is the recorded curve.
Impulses chopped on the tail are treated as full waves for the evaluation of test voltage and
front time, which can be determined from reduced voltage impulses (e.g. < 50 %) that do not
cause chopping. The chopping can be accomplished by an external chopping gap or may
occur due to a disruptive-discharge in the internal or external insulation of the test object.
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With some test objects or test arrangements there may be a flattening of the peak or a
rounding off of the voltage before the final voltage collapse. Similar effects may also be
observed due to the imperfections of the measuring system. Exact determination of the
parameters related to chopping requires the presence of both a sharp discontinuity and a fast
measuring system. Other cases are left to the relevant Technical Committees for
consideration.

Determination of the impulse shape by calculation from the test circuit parameters is not
considered to be satisfactory.

7.2.7 Measurement of current during tests with impulse voltages

The relevant Technical Committee shall specify the characteristics of a current flowing in the
test object that should be measured during tests with high impulse voltages. When this type of
measurement is used for comparative purposes wave shape is of importance and the
measurement of the absolute value of this current may be of lesser importance. For guidance
see IEC 62475.

7.3 Test procedures
7.3.1 Withstand voltage tests

The recommended test procedure depends on the nature of the test object, as defined in 3.5.
The relevant Technical Committee shall specify which procedure shall be applied. In
procedures A, B and C the voltage applied to the test object is only the specified withstand
value, while in procedure D several voltage levels have to be applied.

NOTE The statistical precision of the procedures is different, but for insulation coordination (IEC 60071) it is
assumed that the outcome of the tests is identical.

7.3.1.1 Withstand voltage test: Procedure A

Three impulses of the specified shape and polarity at the specified withstand voltage level are
applied to the test object. The requirements of the test are satisfied if no indication of failure
is obtained, using methods of detection specified by the relevant Technical Committee.

NOTE This procedure is recommended for tests on degradable or non-self-restoring insulation.
7.3.1.2 Withstand voltage test: Procedure B

Fifteen impulses of the specified shape and polarity at the specified withstand voltage level
are applied to the test object. The requirements of the test are satisfied if not more than two
disruptive discharges occur in the self-restoring part of the insulation and if no indication of
failure in the non-self-restoring insulation is obtained by the detection methods specified by
the relevant Technical Committee.

NOTE If not otherwise specified by the relevant Technical Committee, it could be taken as an indication that no
failure has happened in the non-self-restoring insulation, when the last three impulses have not led to a disruptive
discharge. In case of a disruptive discharge at one of the impulse numbers 13 to 15, up to three additional pulses
can be applied (maximum 18). When no further disruptive discharge occurs, the test object has passed the test.

7.3.13 Withstand voltage test: Procedure C

Three impulses of the specified shape and polarity at the specified withstand voltage level are
applied to the test object. If no disruptive discharge occurs the test object has passed the
test. If more than one disruptive discharge occurs the test object has failed to pass the test. If
one disruptive discharge occurs in the self-restoring part of the insulation, then nine additional
impulses are applied and if no disruptive discharge occurs the test object has passed the test.

If any detection of failure in a non-self-restoring part of insulation is observed with the
detection methods specified by the relevant Technical Committee during any part of the test,
the test object has failed to pass the test.
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7.3.1.4 Withstand voltage test: Procedure D

For self-restoring insulation the 10 % impulse disruptive-discharge voltage U;, may be
evaluated by using statistical test procedures described in Annex A.

These test methods permit either direct evaluation of U,q, and Ugg or indirect evaluation of
Usqo-

In the latter case U, is derived from the Us, value using the relationship:
Uy = Usp(1-13s)

The relevant Technical Committee shall specify the value to be assumed for the standard
deviation s of the disruptive-discharge voltage. For dry tests on air insulation, without any
other insulation involved, the per-unit value s = 0,03 can be used.

The test object is deemed to be satisfactory if U,y is not less than the specified impulse
withstand voltage.

The following test methods can be used to evaluate Usg:

a) the multiple-level method (see Clause A.1.1) with m > 4 voltage levels, and n;, > 10
impulses per level;

b) the up-and-down method (see Clause A.1.2) with » = 1 impulse per group and m > 20
useful applications.

To evaluate U,q the up-and-down withstand method, with » = 7 impulses per group and at
least eight useful groups, can be used.

In all cases the voltage interval between levels AU should be approximately from 1,5 % to 3 %
of the estimated value of Usgy.

7.3.2 Procedures for assured disruptive-discharge voltage tests

The procedures for an assured disruptive-discharge voltage test are similar to those
described in 7.3.1 with the appropriate changes between discharge and withstand conditions.

The relevant Technical Committee may also specify other procedures for specific test objects.

8 Tests with switching-impulse voltage

8.1 Definitions for switching-impulse voltage tests

8.1.1
switching-impulse voltage
impulse voltage with a front time of 20 us or longer

8.1.2
value of the test voltage
maximum value, if not otherwise specified by the relevant Technical Committee

8.1.3

time to peak

Ty

time interval from the true origin to the time of maximum value of a switching-impulse voltage
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NOTE Because of the long duration of the maximum voltage, there can be practical problems in determining this
time and methods are given in 8.2.3.

Ui
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0,5

0,3

p)

IEC 2218/10

Figure 14 — Switching-impulse voltage

8.1.4

true origin

o

instant where the recorded curve begins a monotonic increase (or decrease)

8.1.5

time to half-value

T,

time interval between the true origin and the instant when the voltage has first decreased to
half the maximum value (see Figure 14)

8.1.6

time above 90 %

Ty

time interval during which the switching-impulse voltage exceeds 90 % of its maximum value
(see Figure 14)

8.1.7

time to zero

TZ

time interval between the true origin and the instant when the voltage has its first passage
through zero

NOTE Specification of the time above 90 % and time to zero instead of the time to half-value is found useful, for
instance, when the form of the impulse is dictated by saturation phenomena in the test object or the test circuit, or
where the severity of the test on important parts of internal insulation of the test object is considered to be highly
dependent on these parameters. When specifying a switching-impulse voltage, only one set of parameters related
to the waveshape is generally given. The particular time parameters defined should be clearly indicated by
reference, for example, to a T, /T, or Tp/Td/T , impulse.

Additional parameters may be specified by the relevant Technical Committee when
considering specific tests.
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8.2 Test voltage
8.2.1 Standard switching-impulse voltage

The standard switching-impulse voltage is an impulse having a time to peak T, of 250 us and
a time to half-value T, of 2 500 us. It is described as a 250/2 500 impulse.

8.2.2 Tolerances

If not otherwise specified by the relevant Technical Committee, the following differences are
accepted between specified values and those actually recorded, both for standard and special
impulses:

Value of the test voltage 3 %

Time to peak 20 %

Time to half-value 60 %

In certain cases, for instance with low impedance test objects, it may be difficult to adjust the

shape of the impulse to within the tolerances recommended. In such cases other tolerances
or other impulse shapes may be specified by the relevant Technical Committee.

8.2.3 Time-to-peak evaluation
8.2.3.1 Standard switching-impulse voltages

For standard switching-impulse voltages:
Ty =K Tpp,
where K is a dimensionless constant given by
K =2,42-3,08x10° Tpg + 1,51x10™* T,
and where Tpg and T, are in microseconds and Thg = fgq ~ f3q-

NOTE In IEC 60060-3 T, = 24T

Ag» IS Used for standard switching-impulse voltages.

8.2.3.2 Non-standard impulses

For non-standard impulses, the time to peak can be determined by various methods of digital
curve fitting dependant on the actual shape.

NOTE |If required by uncertainty considerations, the method of time-to-peak evaluation should be stated.
8.24 Special switching-impulse voltages

For special purposes, when the use of the standard switching-impulse voltage is not
considered sufficient or appropriate, special switching-impulse voltages of either aperiodic or
oscillating form may be prescribed by the relevant Technical Committee.

NOTE For details of oscillating switching-impulse voltages see IEC 60060-3.
8.2.5 Generation of the test voltage

Switching-impulse voltages are usually generated by a conventional impulse generator.

NOTE They can also be generated by the application of a voltage impulse to the low-voltage winding of a testing
transformer (or of a transformer to be tested) but it is difficult to reach the standard parameters as specified in
8.2.1 and 8.2.2.
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The elements of a circuit for generating switching-impulse voltages should be chosen so as to
avoid excessive distortion of the impulse shape due to non-disruptive-discharge currents in
the test object. Such currents can reach quite large values, especially during pollution tests
on external insulation at high voltages. In test circuits having high internal impedance, they
may cause severe distortion of the voltage or even prevent a disruptive discharge from
occurring.

8.2.6 Measurement of test voltage and determination of impulse shape

The measurement of the maximum voltage value and the time parameters shall be made with
approved measuring systems (see |IEC 60060-2). The measurement shall be made with the
test object in the circuit and, in general, the impulse shape shall be checked for each test
object. Where a number of test objects of the same design and size are tested under identical
conditions, the shape needs only to be verified once.

8.2.7 Measurement of current during tests with impulse voltages

The relevant Technical Committee shall specify the characteristics of a current flowing in the
test object that should be measured during tests with high impulse voltages. When this type of
measurement is used for comparative purposes wave shape is of importance and the
measurement of the absolute value of this current may be of lesser importance. For guidance
see |[EC 62475.

8.3 Test procedures

The test procedures are in general the same as for lightning-impulse voltage testing and
similar statistical considerations apply (see 7.3 and Annex A). Unless otherwise specified by
the relevant Technical Committee, the standard deviation, in per unit value, of the disruptive-
discharge voltage for dry and wet tests on air insulation, without any other insulation involved,
can be assumed to be:

s =0,06

Correspondingly larger voltage intervals AU may be used when applying the multiple level or
the up-and-down procedures.

NOTE With switching-impulse voltages, disruptive discharges frequently occur at random times well before the
peak. In presenting the results of discharge tests made in accordance with 7.3.1.4, the relationship between
disruptive-discharge probability and voltage is generally expressed in terms of the prospective maximum value.
However, another method is also in use in which the actual disruptive-discharge voltage for every impulse is
measured; the probability distribution of the measured voltage values is then determined by the method described
for Class 3 tests in Annex A.

9 Tests with combined and composite voltages

9.1 Definitions for combined- and composite-voltage tests

9.1.1

combined voltage

test voltage which appears between the two energized terminals of a three-terminal test
object with the third terminal earthed, when energizing is provided by two different test
voltages (see Clauses 5 to 8) generated by two separate test voltage sources (see
Figure 15).

NOTE Combined voltages are applied for testing, for example, the longitudinal insulation of switching equipment
and the phase-to-phase insulation of three-phase systems and equipment. The voltages are applied on different
terminals of the test object.
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U
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instrument U = Uq — Uy (by calculation)

Uy; Uy also recorded for correct adjustement

IEC 2219/10

Figure 15 — Circuit for a combined voltage test

9.1.2

value of a combined voltage

maximum potential difference between the two energized terminals of the test object (see
Figure 16a)

9.2

composite voltage

superposition of two different test voltages (see Clauses 5 to 8) generated by the suitable
connection of two separate test voltages sources (see Figure 16b and Figure 17)

NOTE Both voltages are applied at one terminal of the test object.

9.2.1
value of a composite voltage
maximum absolute value measured at the test object (see Figure 16b)

9.2.2

voltage components

two test voltages, characterized according to the relevant clauses of this standard and
causing the combined or composite test voltage stress at the test object
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NOTE 1 In Figure 16a, the combined voltage is U=U, -U,.
NOTE 2 In Figure 16b, the combined voltage is U=U; +U,.
Figure 16a — Combined voltage between two HV Figure 16b — Combined voltage between one HV

terminals

terminal and earth

Figure 16 — Schematic example for combined and composite voltage

9.2.3
time delay
At

time interval between the instants when the two voltage components reach their maximum

values (see Figure 18)
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U by direct measurement
U1*; Uo* recorded for correct adjustement

3-channel [*
Uy | recording Us
instrument |«

IEC 2222/10

Figure 17 — Circuit for a composite voltage test

9.2.4 Tolerances

If not otherwise specified by the relevant Technical Committee a difference of + 5 % between
a specified and the actually recorded voltage value is acceptable.

The tolerance of the time delay is £ 0,05 T, where T, is the front time or the time to peak of
an impulse or a quarter of a cycle of an aﬁernatlng voltage. Ty is the longer time of the two
voltages involved.

9.2.5 Generation

For generation two single voltage sources are connected, each via a protecting element to
one of the HV terminals of the test object (Figure 15). The protecting element shall be
selected so that the related source in case of a disruptive discharge of the test object is
protected against the voltage stress of the other source.

Due to the coupling of the two sources the shapes and amplitudes of the two voltage
components will differ from those generated by the same sources used separately. The
permitted limits for voltage drop on the a.c. component shall be specified by the relevant

Technical Committee.

NOTE See, for example, IEC 62271-1[E5].

9.2.6 Measurement

Both voltage measurement systems arranged between each of the HV terminals of the test
object and earth shall fulfil the requirements of IEC 60060-2 for the measurement of both
voltage components, because the systems are coupled. See Figure 15. It is recommended to
record them by a dual-channel recording instrument according to IEC 61083-1 that enables
the direct evaluation of the combined voltage from its two voltage components. The result can
be displayed as shown in Figure 16a.
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IEC 2223/10 IEC 2224/10

Figure 18a — Combination of two impulse voltages Figure 18b — Combination of an impulse voltage and
a power-frequency alternating voltage

Figure 18 — Definition of time delay Az

9.3 Composite test voltages
9.3.1 Parameters

A composite test voltage, generated by two voltage components both according to this
standard, shall be characterized by the following parameters:
— by its voltage value;
— by the time delay;
— by the parameters of its two components according to the relevant clauses of this
standard.

9.3.2 Tolerances

If not otherwise specified by the relevant Technical Committee a difference of + 5 % between
a specified and the actually recorded voltage value is accepted.

The tolerance of the time delay is + 0,05 7, where T}, is the front time or the time to peak of
an impulse or a quarter of a cycle of an aﬁernatwe voltage. Ty is the longer time of the two
voltages involved.

9.3.3 Generation

For generation two single voltage sources are connected together and the HV terminal of the
test object is at the connection point. See Figure 17. Each connection is realised by an
element, which couples one voltage and blocks the other. The interaction of the two sources
shall be considered. For the sources itself, see the relevant clauses of this standard.

9.3.4 Measurement

The voltage and time characteristic of the composite voltage shall be measured against earth
with a measuring system arranged at the connection point of the test object. See Figure 17.
The measuring system shall fulfil the requirements of IEC 60060-2 for both voltage
components. It is recommended to also measure the output voltage of each voltage source
directly (see Figure 17) and to record the three voltages synchronously.

9.4 Test procedures

Test procedures and arrangement of test objects with combined and composite voltages are
left to the relevant Technical Committee.
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For atmospheric corrections the parameter g (4.3.4.3) shall be calculated considering the
combined or composite test voltage value. The parameter k; and k, (4.3.4.1 and 4.3.4.2) shall
be calculated for the higher of the two test voltages and be applied to both.
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Annex A
(informative)

Statistical treatment of test results

A1 Classification of tests

Disruptive-discharge test procedures can be divided into three classes for the purpose of
statistical evaluation.

A.1.1 Class 1: Multiple-level tests (Figure A.1)

In a Class 1 test, n; voltage applications (e.g. lightning-impulse voltages), causing &; < n;
disruptive discharges, are applied at each of m voltage levels, U; (i = 1, 2, ..., m), with the
difference between adjacent voltage levels beingAU =U; . -U; (i=1,2,...m-1). While this
procedure is usually employed with impulse voltages, tests with alternating and direct
voltages of specified stressing time also fall into this class.

NOTE The parameters should be selected as follows: m > 5, n, > 10 for all i=1,2,...m; AU = (0,01 to 0,06) Us,

The test results are the »; voltage applications and the corresponding number, k;, of disruptive
discharges at each voltage level U; (i=1,2,..., m).

A.1.2 Class 2: Up-and-down tests (Figure A.2)

In a Class 2 test, m accepted groups of n essentially equal voltage stresses are applied at
voltage levels U; (i=1,2,..., 1). The voltage level for each succeeding group of stresses is
increased or decreased by a small amount AU according to the result of the previous group of
stresses.

Two testing procedures are commonly used: the withstand procedure, aimed at finding
voltage levels corresponding to low disruptive-discharge probabilities and the discharge
procedure, which finds voltage levels corresponding to high disruptive-discharge probabilities.
In the withstand procedure, the voltage level is increased by an amount AU if no disruptive
discharge occurs in a group of n voltage applications, otherwise the voltage level is decreased
by the same amount. In the discharge procedure, the voltage level is increased by AU if one
or more withstands occur; otherwise it is decreased by the same amount.

When n = 1, the two procedures converge to the procedure of the up-and-down 50 %
disruptive-discharge voltage test.

Tests with other values of n are also used to determine voltages corresponding to other
disruptive-discharge probabilities. The results are the k; number of stress groups applied at
the voltage levels U;. The first U; level to be taken into account is that at which at least two
preceding groups of stresses have been applied. The total number of useful groups is

!
mzzkl. at the voltage levels i=1...1.

i=1

NOTE Tests with n = 7 give the 10 % and the 90 % disruptive-discharge voltages which are defined as withstand
and disruptive voltages respectively (see clause 7.3.1.4). The other parameters should be selected as follows
AU = (0,01 to 0,03) Ug, and m >15.
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A.1.3 Class 3: Progressive stress tests (Figure A.3)

In a Class 3 test, a procedure always leading to a disruptive discharge on the test object is
applied n times. The test voltage may be increased continuously or in steps until a disruptive
discharge occurs at a voltage U, or held constant at a level until a disruptive discharge at time
t, is observed. The results are the n values of voltage U, or time ¢ at which the disruptive
discharge has occurred (n > 10).

Such tests are made with continuously or stepwise increased direct and alternating or
stepwise increased impulse voltages. Tests with disruptive discharges occurring on the front
of an impulse fall into this class.

A.2  Statistical behaviour of disruptive discharge

When p, the probability of a disruptive discharge during a given test procedure, depends only
on the test voltage, U, the behaviour of the test object can be characterized by a function p(U)
determined by the processes of discharge development. In practice, this function, the
disruptive-discharge probability function, can be represented mathematically by a theoretical
probability distribution function characterised by at least two parameters, e. g. Ugg and s. Uy
is the estimate of the 50 % discharge voltage for which p(U) = 0,5 and s is the estimate of the
standard deviation (see 3.4.4 and 3.4.6).

NOTE 1 Examples of p(U) can be derived from the Gaussian (or Normal), the Weibull or the Gumbel probability
distribution functions. Experience shows that for 0,16 < p < 0,84, most theoretical distributions can be considered
equivalent. For details see the relevant literature [A1-A4].

NOTE 2 Sometimes p is a function of two or more parameters, e.g., U and dU/d:. In such cases, no simple
function can be used to describe p. Details of such cases may be found in the technical literature [A1-A4].

The function p(U) and the parameters Usy and s can be estimated from tests with sufficient
numbers of voltage applications, provided that the characteristics of the test object remain
constant throughout the tests. In practice, the number of voltage applications is usually limited
and the estimates of Usy and s based on an assumed form of p(U) will be subject to statistical
uncertainties.

A.21 Confidence limits

If a parameter y is estimated from » test results, upper and lower confidence limits (y,,er and
Yiower) €Can be defined, with the probability C that the true value of y lies within these fimits. €
is also called the level of confidence and the range (y,pper t0 yiower) defines the width of the
confidence band.

Usually C is taken as either 0,95 or 0,90 and the corresponding limits are called the 95 % or
90 % confidence limits respectively.

For a given C value, the width of the confidence band depends on both n and the value of the
standard deviation s. The standard deviation s should be estimated when possible from tests
made under realistic conditions. In general, the larger the number of tests made, the better
will be the estimate of s. It should, however, be remembered that during a prolonged test
series, ambient conditions may change to an extent which offsets the gain in accuracy from
the increased number of tests.

Since accurate estimation of s from a limited number of tests is not possible, values estimated
from the pooled results of many tests are often specified by the relevant Technical
Committees.
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A.3 Analysis of test results
This Clause is applicable to cases where the results of tests can be regarded as independent

estimates, i.e., where a result of a test is not influenced by what may have occurred in any
preceding test.

NOTE For checking the independence of a series of test results see the relevant literature [A1-A4].
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Figure A.3b — Stepwise voltage increase

Figure A.3 — Examples of progressive stress (Class 3) tests
A.3.1 Treatment of results from Class 1 tests

In this case, the discharge frequency f; = d/n; at a voltage level U, (i=1,2,...m) is taken as an
estimate of p(U;), the disruptive-discharge probability at the voltage level U;. The m estimates
of p(U;) obtained in a Class 1 test can then be fitted to an assumed probability distribution
function p(U) and its parameters Ugy and s = Ugg - Uyg = Ugy — Usq are determined.

This has been traditionally done by plotting f; versus U; on special graph paper designed to
give a straight line plot when the probability estimates conform to a particular probability
distribution function p(U) . A well-known example is Gaussian or Normal probability paper that
yields a straight-line plot for estimates conforming to the Gaussian distribution function:
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p(U) = (1/sv27 I_Uw exp[— (u=Uso)2/252 |du

NOTE 1 Normal probability papers do not have ordinate scales embracing the values p = 0 or p = 1. Accordingly,
tests at voltage levels always causing discharges, i.e., d; = n;, or tests at levels causing no discharges, i.e., d, = 0,
cannot be plotted directly. A possible way of using these results is to combine them with values obtained for an
adjacent voltage level and to plot them as the weighted mean voltage.

Currently, computer programs using analytical fitting techniques, involving the least-squares
method or the maximum likelihood method (see [A4]), may be used to find Ugg, s (as well as
the parameters of other applied distribution functions) and the related confidence limits of
these estimates. They contain adequate methods (such as conventional regression
coefficients or confidence limits) to check if the assumed probability function fits the
measured points with sufficient accuracy. For details consult the relevant literature [A1-A4].

As a general guide, the width of the confidence band tends to vary inversely with the square
root of the number »; of voltage applications at each level U; and inversely with the number of
test levels m. Note also as an example that if all values of f; are not zero or unity, with 10
voltage applications (n; = 10) at each of five levels (m = 5), the 95 % confidence limits would
be:

For Usgg:
U*50 - 0,72S* < U50 < U*SO + 0,725*
and for s:

0,4 s*<s5s<2,0s*

where U;O and s* are the estimates of Ugy and s obtained by fitting the test results to an
assumed discharge probability distribution function p(U).

NOTE 2 The width of the confidence band tends to be smallest for estimates of Up in the vicinity of p = 0,5 or
50 %.

A.3.2 Treatment of results from Class 2 tests

A Class 2 test provides an estimate of U,, the voltage at which the disruptive-discharge
probability is p. U;, the estimate of U, is given by the following approximate formula (for a
more accurate formula, see the technical literature):

i
Uy, =Y (kU)Im
i=1
where £; is the number of groups of stresses each consisting of » voltage applications at the

voltage level U; and m the total number of useful groups. The appropriate value of » is given
by the formulas below for a desired probability p. To avoid appreciable errors, the lowest

voltage level taken into account should not differ from U; by more than 2AU.

The withstand procedure described in A.1.2 provides an estimate of U, for a disruptive-
discharge probability p given by:

p=1-(05)"

while the discharge procedure gives U, for:
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p=05)""

The values of p for which U, can be estimated in up-and-down tests are limited by the
requirement that » be an integer. Examples are given in Table A.1.

Table A.1- Discharge probabilities in up-and-down testing

n = 70 34 14 7 4 3 2 1

p= 0,01 0,02 0,05 0,10 0,15 0,20 0,30 0,50 (withstand
procedure)

p= 0,99 0,98 0,95 0,90 0,85 0,80 0,70 0,50 (discharge
procedure)

Procedures for estimating s and its confidence limits are also available but are not
recommended for general use.

A.3.3 Treatment of results from Class 3 tests

The result of a Class 3 test is usually a series of n voltages U; from which parameters Us, and
s of a disruptive-discharge probability function are to be determined. For a Gaussian (or
Normal) distribution, estimates of the parameters Ugq and s are given by

Uso =Y Ui/n
s*=| S, v P -1)] 2

For other distributions, the maximum likelihood methods can be employed to estimate the
relevant parameters (see Clause A.4). The same expressions and methods apply in cases
where times to the occurrence of a disruptive discharge {; are to be analyzed.

The confidence limits for Gaussian distributions (of Usy and s*) may be found using the
Student’s ¢ or Chi-squared distributions as described in the technical literature.

As an example, in the case of a Gaussian distribution, the 95 % confidence limits for the
estimates of Uy and s obtained from a test with » = 20 are:

(Uso —0,475*) < Usg < (Us +0,47s%)
and

0,74s* < s < 1,48s*

A.4 Application of maximum likelihood methods

Maximum likelihood methods may be used for the evaluation of the results of all of the above
classes of tests by any type of probability function. These methods permit estimation of the
parameters and hence quantiles of the breakdown voltage U,. Furthermore, it is possible to
use all the results obtained and the confidence limits corresponding to any desired confidence
level C can be found. In the following only the principle is explained. See the relevant
literature [A1-A4] and available software.

For Class 1 and Class 2 tests the numbers of discharges, d; and the numbers of withstands w;
found at each voltage level U; are known. If the form of the disruptive-discharge probability
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distribution function, e. g. of p(U; Us,, s), is assumed, the probability of a discharge at the
level U; is p(U; ; Usg, s) and the probability of a withstand is (1 — p(U; ; Usy, s)). The likelihood
function L; corresponding to d; discharges and w; withstands occurring at a voltage level U; is
then:

L = p (Ui;Usg, )%(1- p (U3 Usg, )"

As U,, d; and w; are known, L; is a function of the parameters (e. g. Usy and s) only.
The likelihood of a complete set of results embracing » values of U; then becomes:
L=1L4Ly ... Li ... Ly = L(Usy, 5)
For Class 3 tests with stepwise increased voltage levels each voltage level U; which appears

in the results, corresponds to a disruptive discharge. In general, a voltage level U; will appear
m; times where m; > 1. The log-likelihood log L then becomes:

log L = mqlog[f(Uq;Ugq,s)] + molog[f(Usy;Ugq,s)] + ... + mylog[f(U,,;Usg,s)]
where f characterizes the probability density function in the vicinity of U; (i = 1,...n).

Methods for calculating L from extensive sets of results by considering groups of results lying
in a number of voltage intervals can be found in the literature.

The best estimates of the parameters (e. g. Uggy, s) are those values (Usoand s*) that
maximise L. This shall be made by numerical methods. Related software is available.

The maxima may be found by using a computer to make iterative calculations of L for

assumed parameter values (U;o and s*). With parameter estimates fixed, U, corresponding to
any desired value of disruptive-discharge probability, p, can be found from the assumed
disruptive-discharge probability distribution function. Methods for determining the confidence

limits of Usoand s* are to be found in the literature. For the case of C = 0,9 the equation L
(Usp; s) = 0,1 L, Permits determination of these confidence limits.

NOTE In addition to the analysis based on the Gaussian distribution (see A.3.1) the maximum likelihood method
also delivers reliable results for other theoretical probability distribution functions, e.g. for the Weibull or the
Gumbel distribution. For details see the relevant literature and available software.

A.5 Reference documents

[A1] CARRARA, G., and HAUSCHILD, W. Statistical evaluation of dielectric test results.
Electra No. 133 (1990), pp. 109-131.

[A2] YAKOV, S. Statistical analysis of dielectric test results. CIGRE Brochure No. 66 (1991)

[A3] HAUSCHILD, W., and MOSCH, W. Statistical Techniques for HV Engineering. |EE
Power Series No. 13, Peter Pereginus Ltd., London, 1992

[A4] VARDEMAN, S. B. Statistics for Engineering Problem Solving. IEEE Press/PWS
Publishing Company, Boston, 1994
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Annex B
(normative)

Procedures for calculation of parameters of standard lightning-impulse
voltages with superimposed overshoot or oscillations

B.1 General remarks

This annex describes procedures for the calculation of parameters of all full lightning-impulse
voltages, including those with superimposed overshoot. The basis is outlined in Clause B.2,
the standard method on which parameter definitions are based is given in Clause B.3, and an
alternative manual method is given in Clause B.4. Procedure for treatment of tail chopped
impulses is given in Clause B.5.

Other methods are permitted provided the user estimates the uncertainty that the method
contributes to the combined uncertainty and that the combined uncertainty is within the limits
set in IEC 60060-2. The implementation of the method used shall meet the requirements of
IEC 61083-2.

B.2 Basis of the procedures
The procedure is based on the empirical equation:
Uy =Up +k(fNUe ~Us) (B.1)

which describes the test voltage, U;, that the insulation is subjected to, under lightning-
impulse voltage with an overshoot magnitude, £.

Where

U, is the maximum value of the base curve;

Ue, is the maximum value of the original noise free recorded curve, and the test voltage
function is a frequency dependent function given by:

1

)= 14222 (B.2)

where f'is frequency in MHz.

B.3 Procedure for evaluation of parameters of full lightning impulses

This procedure is an implementation of Equation (B.1), and is used for computer aided
calculation of digitally recorded impulses. The procedure is used to obtain the test voltage
curve from which the impulse parameters are calculated.

The steps of the procedure are as follows:
a) find the base level of the recorded curve by calculating the mean of the voltage values
from the flat part in the beginning of the record where the input voltage is zero;

b) remove the base level offset from the recorded curve, U(¢), to obtain the offset
compensated recorded curve, Uy(?), and use that curve for the remaining steps;

c) find the extreme value, U, of the offset compensated recorded curve, Uy(¢) (Figure B.1);
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d) find the last sample on the front having a voltage value less than 0,2 times the extreme

value, Usg;

e) find the last sample on the tail having a voltage value larger than 0,4 times the extreme

value, Ug;

f) select data starting from the sample after the sample determined in step d), up to and
including the sample determined in step e) for further analysis;

U
Ue
— Recorded curve
Up
Base curve
/\/ Residual curve
0 VoG
\/ V4 :

IEC 2230/10

Figure B.1 — Recorded and base curve showing overshoot and residual curve

U
Ut — —Test voltage curve
Ub
Base curve
/ Filtered residual
/\
0 7 N t
IEC 2231/10

Figure B.2 — Test voltage curve (addition of base curve and filtered residual curve)
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Uk
e -~ Recorded curve

[

Test voltage curve

IEC 2232/10

Figure B.3 — Recorded and test voltage curves

fit the following function to the data selected in step f) (see Clause C.1):

(=4) (t—tq)

Here ¢ is time, u4(¢) is the voltage function. U, 74, 7, and ¢4 are the parameters to be found
by fitting?;
construct the base curve, U, (t), of the waveform, by using zero values for sample points

up to time ¢4 (as calculated in step g) and values of uy(7) for sample points from time ¢4 up
to the instant of the last sample defined in step e)) (see Figure B.1);

subtract the base curve U,(¢) from the offset compensated recorded curve, Uy(¢) to obtain
the residual curve R(r) = Uy(t) — U, (?) (Figure B.2);

create a digital filter (see Clause C.2) with its transfer function H(f) equal to that defined
by the test voltage function k(f) (Equation B.2);

apply the digital filter to the residual curve R(¢) to obtain the filtered residual curve R(r)
(see Figure B.2);

add the filtered residual curve Ri(f) to the base curve U.(#) to obtain the test voltage
curve, Uy(t);

calculate the value of the test voltage, U;, and time parameters from the test voltage curve
(see Figure B.2);

find the maximum value Uy, of the base curve U, (¢) (see Figure B.2);

calculate the relative overshoot magnitude, g’ = IOO-% %;

e

display the offset compensated recorded curve, Uy(#), and the test voltage curve Uy(¢) (see
Figure B.3);

determine and report the values of the test voltage, U,, front time, T4, time to half value,
T,, and relative overshoot magnitude, f'.

U is the amplitude constant, 7, and 7, are the time constants the waveform and ¢, is the time delay between the origin of the
fitted curve and the triggering point of the recorded curve.
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B.4 Procedure for manual calculation from graphical waveforms

This procedure is an implementation of Equation (B.1), and it is used for manual calculation of
the impulse parameters from waveforms in graphical formats.

NOTE A manual evaluation will lead to less accurate results compared to the procedure for calculation from
digital waveforms.

The steps of the procedure are as follows:

a) draw a base curve, Uy (t), manually through the recorded curve, U(t), so as to remove
oscillations on the front and peak;

b) find the maximum value of U, (1), Uy;

c) find the maximum value U, of the recorded curve, U(t);

d) calculate the duration, ¢, of the overshoot by finding the difference in time values at the
two crossing points of U(t) and U, (t) curves on both side of the maximum peak of U(1),
and calculate the overshoot frequency f; = 1/2¢;

e) calculate the value of test voltage function k(f) from equation (B.2);
f) calculate the value of the test voltage, U, using equation (B.1);

Ue _Ub

g) calculate the relative overshoot magnitude, 4 =100 %;

e

h) determine the time parameters from the base curve using U; as the peak voltage to
determine the 30 %, 90 % and 50 % values;

i) report the value of the test voltage, U, front time, T4, time to half value, T,, and relative
overshoot magnitude, g

B.5 Procedure for evaluation of parameters of tail chopped lightning impulses

This procedure is an adaptation of the algorithm given in Clause B.3 for evaluation of full
lightning impulses. This procedure can be used when the chopping happens after 95 % of the
extreme value level.

For this adapted procedure two records are needed:

1) The tail chopped impulse to be evaluated.
2) A full reference impulse recorded (usually) on lower voltage without changing the
setup.

The procedure is as follows:

Apply steps a) to c) to both the full reference impulse and the chopped impulse:

a) find the base level of the recorded curve by calculating the mean of the voltage values
from the flat part in the beginning of the record where the input voltage is zero;

b) remove the base level offset from the recorded curve, U(¢), to obtain the offset
compensated recorded curve, Uy(?), and use that curve for the remaining steps;

c) find the extreme value, U,, of the offset compensated recorded curve, Uy(?);
Apply steps d) to h) to the full reference impulse:

d) find the last sample on front having a voltage value less than 0,2 times the extreme value,
Usg;

e) find the last sample on the tail having a voltage value larger than 0,4 times the extreme
value, Ug;
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select data starting from the sample after the sample determined in step d), up to and
including the sample determined in step e) for further analysis;

fit the following function to the data selected in step f):

(t=4) (t=tq)

Here t is time, uy(¢) is the voltage function, and U, 74, 7, and ty4 are the parameters to be
found by fitting;

construct the base curve, U, (#), of the waveform, by using zero values for sample points
up to time ¢4 (as defined in step d) and values of uy(¢) for sample points from time 74 up to
the instant of the last sample defined in step e;

ply steps 1) to 7) to the tail chopped impulse:

1) find the instant of chopping;

2) find the point where the chopped waveform starts to deviate from the full reference
waveform;

3) select data up to and including that point for further analysis;

4) find the time lag f; between the records of full reference and chopped impulse (e.g. by
using cross correlation techniques, or by matching the 30 %, 50 % and 80 % levels on
the front);

5) adjust the time lag between full and chopped impulses to zero;

6) find the ratio £ between the amplitudes of the chopped and full impulses (e.g. by
dividing the peak values, or by dividing average values calculated over specified
interval on both records);

7) scale the amplitude of the base curve by this factor E.

subtract the scaled base curve U, (¢) from the offset compensated recorded curve, Uy(?) to
obtain the residual curve R() = Up(t) — U (1);

create a digital filter (see Annex C) with its transfer function H(f) equal to that defined by
the test voltage factor function k(f) (Equation (B.2));

apply the digital filter to the residual curve R(r) to obtain the filtered residual curve R¢(t);

add the filtered residual curve Ry(f) to the base curve U (¢) to obtain the test voltage
curve, Uy(1);

calculate the value of the test voltage, U;, and time parameters from the test voltage
curve;

find the maximum value U, of the base curve U (?);

U,-U,

calculate the relative overshoot magnitude, 8 =100-—¢ %;

e
display the recorded curve U(r) and the test voltage curve U(r).

report the value of the test voltage, U;, front time, T4, time to chopping, T, and relative
overshoot magnitude, f'.
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Annex C
(informative)

Guidance for implementing software for evaluation
of lightning-impulse voltage parameters

C.1 Guidance for implementing base curve fitting

The function to be fitted to the recorded curve has four free parameters (U, 74, 7, and ¢y):

(t=tq) (t—tq)

ug(t)=Ule ™ —e ™ (C.1)

The Levenberg-Marquardt algorithm and its derivatives have been successfully used for fitting
this function on the recorded curve. The following are examples of software packages that
have been used for this purpose:

Software package Function used for fitting
(tested version)

Matlab®.3, and its Igscurvefit
Optimization toolbox
(Version 7.0.4)

GNU Octave4 leasqr
(Version 3.2.0)

LabVIEW™ 5 Nonlinear Curve Fit
(LabVIEW 8 Professional)

LabWindows™/CV| 6 NonLinearFit
(Version 6.0)

Setting the initial guess for the free parameters shortens the computation time. Initial guess
given for the fitting function could be for example:

U: The extreme value of the curve
T1: 70“3
75: 0,4us

3 MATLAB® is the trade name of a product supplied by The MathWorks, Inc.

4 GNU Octave is freely redistributable software under GNU General Public License by John W. Eaton et. al.
http://www.gnu.org/software/octave/.

5 NI LabVIEW™ is the trade name of a product supplied by National Instruments Corporation.

6 NI LabWindows™/CVI is the trade name of a product supplied by National Instruments Corporation.

The above information is given for the convenience of users of this standard and does not constitute an
endorsement by IEC of the product named. Equivalent products may be used if they can be shown to lead to
the same results.
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tq- True or virtual origin of the curve

Normalizing the data (i.e. scaling it so that both voltage and time scales span approximately
from 0 to 1) has been found to improve the convergence of the algorithm. The fitted
parameters then need to be scaled back to the original voltage and time scales.

The Newton-Raphson algorithm has been proven to produce results which are equal to those
obtained by Levenberg-Marquardt algorithm.

C.2 An example of a digital filter for implementation of the test voltage
function

For implementation of the test voltage function a digital filter with its amplitude-frequency
response being equal to the test voltage function (equation B.2 in Annex B) has to be
constructed. The example given here is an efficient and accurate implementation of a zero-
phase Infinite Impulse Response (lIR) filter. Other filters, such as Finite Impulse Response
(FIR) filters built by a frequency sampling method or window-based arbitrary response filter
design algorithms and commercial software, can also be used.

A zero phase IIR filter designed by forward calculation is described in [C1]. In this approach
the attenuation of the filter is only half of what is needed, but the data is passed through the
filter twice, first forward and then in reverse order. This filtering gives an output that matches
the test voltage function with negligible amplitude error and phase shift.

Only two filter coefficients are needed to implement the forward filter, the derived equations
given in [C1] for constructing this filter are:

Y(@) = box(@) + byx(i = 1)+ ayy(i — 1)

by =b

0 : 1+x

=172 (.2)
1+x

where a equals 2,2x10-12 (the -3 dB point of the K-factor filter), Tg is the sampling interval
used when recording the signal, x(i) is the input sample array (voltage) to the filter and (i)
the output sample array of the filter.

For example, for 10 ns sampling interval this gives the following coefficients:

a; =—09585113 and by = by = 0,02074434

The filtering is then performed twice (once in forward and once in backward direction) using
the IIR forward filter with the following difference equation:

(i) = 002074434(x(i) + x(i — 1))+ 095851 13y(i — 1) (C.3)

In order to avoid numerical problems often typical for IIR filters, large enough number (in this
case preferably = 6) of significant digits has to be used for filter coefficients.
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C.3 Reference documents

[C1] LEWIN, Paul L., TRAN, Trung N., SWAFFIELD, David J., and HALLSTROM, Jari K.
Zero Phase Filtering for Lightning Impulse Evaluation: A K-factor Filter for the Revision
of IEC60060-1 and -2. IEEE Transactions on Power Delivery, Vol. 23, No. 1, pages 3-
12, January 2008.
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Annex D
(informative)

Background to the introduction of the test voltage factor
for evaluation of impulses with overshoot

D.1  Previous version (IEC 60060-1:1989)

In the late 1980s, most laboratories used oscilloscopes to record impulses and the amount of
time taken to read oscillograms and the limits on the resolution of oscillograms set practical
restrictions for the requirements that could be set for testing laboratories. The previous
version of this standard (IEC60060-1:1989) classified full lightning-impulse voltages into two
classes: smooth full lightning-impulse voltages and full lightning-impulse voltages with
damped oscillations. In practice, all impulses have some oscillations and the user had to
make a subjective judgement as to when the oscillations were such that the impulse should
be treated as a full lightning-impulse voltage with damped oscillations. Full lightning-impulse
voltages with damped oscillations were analysed by “drawing a mean curve through the
oscillations”: the user had to make a subjective judgement as to which was the correct smooth
curve. A limit on “the single peak amplitude” of 5 % of the peak value (of the impulse) was
set.

The analysis depended on the duration or the frequency of the overshoot: 19.2 states:

“With some test circuits, oscillations or an overshoot may occur at the peak of the impulse, if
the frequency of such oscillations is not less than 0,5 MHz or the duration of overshoot not
more than 1 us, a mean curve should be drawn and, for the purpose of measurement, the
maximum amplitude of this curve is chosen as the peak value defining the value of the test
voltage.”

This gave an abrupt transition but was accepted as a reasonable method for oscillograms
when the overshoot was limited to 5 %. A graph of the transition is shown in Figure D.1.
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Figure D.1 — “Effective” test voltage function in IEC 60060-1:1989

This has caused three problems in the consistency of measurement:

a) The sharp transition from “maximum value” to “mean curve maximum” leads to very
large errors when the frequency of the overshoot is near the transition frequency of
500 kHz. This sharp transition does not describe the behaviour of insulating materials
well. It is also difficult to accurately determine the frequency.

b) The choice of the mean curve has been subjective. This contributes significant
additional uncertainty in evaluating the parameters of full lightning-impulse voltages
with damped oscillations.

c) It is not precisely specified how to determine if an impulse is smooth or if it has very
small superimposed oscillations.

In the last two decades the use of digitizers has become widespread. Digitizers used with
software analysis are capable of delivering much higher precision than oscilloscopes but their
application is hindered by the imprecise specifications of IEC60060-1:1989. Users have
developed a variety of software programs and these programs can be tested by waveforms of
the test data generator (TDG) in IEC 61083-2 but their use for testing is still limited by the
imprecise definitions of IEC 60060-1: 1989. The differences between the values of parameters
calculated by a particular software program and those given in IEC 61083-2 give an additional
component for the estimation of uncertainty.

D.2 Research and development to provide a solution

CIGRE WG D 1.33 (formerly known as CIGRE WG 33.03) has fostered work over the last two
decades to address these problems and IEC TC 42 MT4 has been working on them from its
inception.

An investigation, funded by the European Community, was conducted by 5 research institutes
in the period from 1997 to 1999, on the effect of oscillations of varying frequency and
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amplitude superimposed on a full lightning-impulse voltage on the breakdown strength of 5
types of insulation [D1]. Breakdown voltage probability was determined for a smooth full
lightning-impulse voltage whose shape was close to a sum of two exponential functions form.
Breakdown voltage probability was also determined for the same impulse with superposed
oscillations of varying frequency and amplitude and the voltage of the equivalent smooth full
lightning-impulse voltage was found. The effect of a superimposed oscillation of frequency fis
reduced by a factor k() — that is, the peak value of the equivalent impulse is equal to the peak
value of the applied smooth impulse plus k(f) times the peak value of the oscillation.
Experimentally determined values of k(f) plotted against frequency are shown in Figure D.2.

Although the data for different types of insulation was quite scattered, the main conclusion
was quite clear. The effect of the superimposed oscillation is frequency dependent. In other
words, there is a gradual, not a sharp, transition in the frequency dependence of the
overshoot magnitude on the dielectric strength.

The researchers introduced the “k-factor”, k(f), to represent this gradual transition. In the
standard, this is now called the test voltage function,

U, =Uy +k(f)U, -Up) (D.1)

where

Ui, s the test voltage value to be determined,
U, is the maximum value of the fitted base curve;
U,

o» is the maximum value of the original recorded curve.

The test voltage value (U;) is the maximum value of the equivalent smooth full lightning-
impulse voltage. The "test voltage curve" is used to calculate the time parameters as this
method is precise, reproducible, and robust. The test voltage curve is a mathematical artefact
and is not the physical representation of the equivalent smooth lightning impulse. The large
tolerances on the time parameters are based on decades of experience and the evidence in
the European experiment also supports the fact that values of the time parameters are not
very critical for determining breakdown. Hence the new estimates of the time parameters are
close enough to the values that would be determined by applying the old methods.
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Figure D.2 — Representative experimental points
from European experiments and test voltage function

There was much discussion on the most suitable formula for k(f) within CIGRE. When it was
found, by calculation, that the roll-on and roll-off frequencies did not have a large influence on
the results and because they were in the extreme regions of the probable overshoot
frequencies, a simple formula was proposed [D2] and was accepted for the standard. This
formula is:

1

k(f)=—%
1+22f

(D.2)

where f'is the frequency in MHz. This is shown in Figure D.2.

Because the original data were obtained from oscillations superimposed on a full lightning-
impulse voltage, the method of “residual filtering”, where the k-factor function is applied to the
difference between the measured impulse and a fitted base curve, which is the sum of two
exponential functions, has been used in the standard. It has been found that the choice of the
two exponential functions gives good consistency for evaluation of the test voltage value but
to obtain consistency in evaluations of the time parameters it has been necessary to specify
the method for fitting of this function (see Annex B). Furthermore, it was found that it is
convenient and mathematically valid to apply the k(f) function as a digital filter. This enables
accurate and automatic calculation of equation (D.1) without the need to determine the
frequency (or frequencies) of the overshoot.

So now the three problems, mentioned in the beginning, have been solved:
a) A gradual transition function has replaced the previous sharp one. It is also not
necessary to determine the frequency of the overshoot.

b) The difficulty in choosing the mean curve has been solved by the introduction of a
well-defined base curve.
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c) All lightning-impulse voltages are treated in the same manner so it is no longer
necessary to determine if an impulse is smooth.

In addition, since the definitions are more precise and based on the defined processing of
digital records, digitizers may be used with much lower uncertainties of measurement (this
has been demonstrated by calculations in several laboratories during the drafting of this part
of IEC 60060).

Consideration has also been given to the consistency of the results from the new procedure
when other forms of distortions are present. These distortions include:

d) oscillation on the impulse front;
e) oscillation superimposed on overshoot;
f) oscillation on the tail;

g) high frequency noise.
Using the test voltage curve leads to the following consequences:

h) All high frequency noise will be removed. The oscillation on the impulse front will be
removed. These are in line with the intention of the previous version of IEC 60060-1.
However, other digital filters or curve fitting procedures are no longer required.
Removal of these disturbances is now automatically achieved when the test voltage
curve is calculated. As a consequence, the results of the impulse parameters are more
consistent when these disturbances are present

i) Any low frequency variation of the waveform will be preserved. That is, the overall
shape of impulse, which may be significantly different from that of the base curve, will
be preserved. The base curve in this method is only an intermediate curve which is
used to extract the residual curve (the oscillation). Any low frequency component of
the residual curve will be preserved, which leads to the preservation of the low
frequency component in the test voltage curve. This is, in principle, in line with the
previous second edition of IEC 60060-1. However, the procedure in this third edition
gives much more consistent results.

i) In the case of smooth impulses, only noise will be removed, the parameters of the
impulse are accurately preserved.

k) In general, the same procedure should be applied to all lightning impulses (excluding
front chopped).

D.3 Limit on overshoot

It is desirable to identify the limit that will be equivalent to that used in the previous version of
this standard (IEC60060-1: 1989). The subjective nature of the “mean curve” leads to high
uncertainties and these are estimated as 2 %. The sum of two exponential functions curve will
lie below the “smooth curve” by about 3 % on average. To include nearly all (97,5 %) of the
impulses with damped oscillations that were allowed by the previous version of this standard
the relative overshoot is set at 10 %. This will allow the same impulses as before but allow
analysis that is more precise.

NOTE In some cases (e. g. for power transformers), the overshoot cannot determine the maximum stresses on
insulation, and the increase in tolerance on relative overshoot magnitude to 10 % may lead to under-testing of the
equipment. This should be taken into account by the relevant Technical Committee.

D.4 Impulses outside the limit

The European study [D1] used damped oscillations with amplitudes up to about 20 % so the
effects on insulation are proven. However, for general testing it should not be necessary to
exceed the 10 % limit. For special cases, it is left to the relevant Technical Committee to
determine the best approach. The residual curve can be used as an indicator of distortion.
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It should be noted that this method is based on studies of insulation (as was IEC 60060-
1:1989) and it does not consider the effects of high rates of voltage rise on the field
distribution in the apparatus.

This part of IEC 60060-1 includes the definition of some new parameters (such as the
extreme value and average rate of rise) recommended by the CIGRE Task Force WG 33.03
(joint activity with CIGRE SC 12).

D.5 Reference documents

[D1] GARNACHO, F., SIMON, P., GOCKENBACH, E., HACKEMACK, K., BERLIJN, S., and
WERLE, P. Evaluation of lightning-impulse voltages based on experimental results.
Electra No. 204, October 2002.

[D2] HALLSTROM, JK. et al, Applicability of different implementations of k-factor filtering
schemes for the revision of IEC60060-1 and -2. Proceedings of the XIVth International
Symposium on High Voltage Engineering, Beijing, 2005, paper B-32, p 92.
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Annex E
(informative)

The iterative calculation method in the converse procedure
for the determination of atmospheric correction factor

E.1 Introductory remark

It has been found that the error in the calculated atmospheric correction factor X; is significant
if K; is significantly lower than unity (e.g., K;=0,95 or lower) if the iterative calculation
procedure (4.3.3.2) is not used. A low K, is in most cases due to low air pressure, which is
typical at high altitude test locations. The errors caused by temperatures and humidity
variations are negligible.

The examples given here show that the use of the procedure (4.3.3.2) is necessary when the
atmospheric pressure is significantly lower than the standard level. The examples also show
that the iterative calculation procedure is normally not needed for tests carried out close to
sea level.

E.2 Change of atmospheric pressure with altitude

Air pressure decreases almost linearly from sea level to an altitude up to 10 000 m above sea
level. The atmospheric pressure at a given altitude can be calculated according to the
following formula:

H

p=1013-¢ 8150

where p is the atmospheric pressure in hPa, H the height from sea level in metres. A plot of
the air pressure p against altitude H is shown in Figure E.1. Table E.1 lists the altitudes and
the normal air pressure of three locations.
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Figure E.1 — Atmospheric pressure as a function of altitude

Table E.1 — Altitudes and air pressure of some locations

Location A B C
Altitude (m) 0 1540 2 240
Air Pressure (hPa) 1013,0 838,6 769,6

E.3 Sensitivity of K, to Us,

The 50 % disruptive-discharge voltage Usg is an input to the calculation of the atmospheric
correction factor K;. For a 50 % disruptive-discharge test, Us is the result of the test and may
be used directly for the K, calculation. Negligible error of K, occurs due to the error of Ugy.

However, if K, is to be determined for correcting test voltage for a voltage withstand test, the
value of Ugq is unknown. Therefore, it is recommended in 4.3.4.3 to estimate Uy, by
multiplying the specified test voltage Uy by 1,1, i.e.,

U50 = 1,1 UO
and use the estimated Uj for calculation of K;.

Using the estimated Usy, may lead to error in calculated K; and hence the corrected test
voltage U= K, U,.

The K; error depends on how sensitive K; is to the change of Ugg, i.e., the value of the
sensitivity coefficient [E1, E2] 0K;/0Ugy. Numerical calculation shows that the sensitivity
coefficient of K; with respective to Ugg is very low in the range of the air pressures close to
sea level, typically an error of 5 % in Ugq will cause less than 0,1 % error in K;. The sensitivity

© STANDARDS MALAYSIA 2015 - All rights reserved



-70- MS IEC 60060-1:2015

coefficient increases significantly with a decrease of air pressure. At about 2 000 m above sea
level, an error of 5 % in Uy will cause approximately 1 % error in K.

Table E.2 lists the initial K; values calculated (no iterative calculation procedure applied) and
its sensitivity coefficient with respect to Usy for a withstand test at the specified a.c. test
voltage of 395 kV.

NOTE This is the a.c., r.m.s test voltage for phase-to-earth insulation of 300 kV disconnectors specified in
IEC 62271-1 [E5].

Table E.2 - Initial K, and its sensitivity coefficients with respect to Ug,
for the example of the standard phase-to-earth a.c. test voltage of 395 kV

Altitude Air pressure, p Air temperature, Relative Discharge Initial 0K /0Us,
(m) (hPa) T (°C) humidity Length, L
(% RH) (m) K, (17kV)
0 1013,0 25,4 35 2,57 0,9904 —4,1x107°
1 540 838,6 20 35 2,57 0,9308 - 2,7x10™*
2 240 769,6 15 35 2,57 0,8849 —4,3x10™*

E.4 Calculation with the iterative calculation procedure

In the iterative calculation procedure, the K, is calculated by iteration until it converges to a
constant value with the residual error limit set by considering the total uncertainty budget of
the test voltage.

The parameter Us, is used for calculating K; (4.3.2). Take the a.c. withstand test of the 300
kV disconnector at the altitude of 2 240 m as an example (other parameters are as given in
Table E.2), the first K; value K; 5 and the first peak test voltage value U, o are calculated from
the initial estimation of 50 % disruptive voltage, Uy o, as follows:

Peak value of the specified test voltage is:
Uop = V2U, = V2x395 kV = 558,61 kV
Then,
Usg,o = 1,10, = 1,1x558,61 kV = 614,48 kV

U
=% _-0,6600
500 LSk

ky =&™=0,9069
ky = k" = 0,9757

Ky o = kqkp = 0,8849
U = Ky o' Ugp = 0,8849x558,61 kV = 494,30 kV

The calculation of K ; and Uy ; in the iteration step i uses U value obtained from the K value
of the previous step i-1, Ky, i.e.,

Us,i = 1.1 Uig = 1.1 Ky Ugp
The next iteration of the test voltage value Uy ; is calculated as
Ut,i = Ki,i-Ugp
Therefore to continue the above example, we have
Uso,1 = 1,1 Uy g = 1.1 K g Upp = 1,1%x0,8849x558,61 kV = 543,72 kV
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_ Uson  _
-0 -0 5840
500 Lok
k=™ = 0,9303

ky = k"= 0,9820
Ky 1=0,9136
Ui 1= K¢ 1-Upp = 0,9136x558,61 KV = 510,36 kV

Usp.2= 1,1-Up 4 = 1,1x510,36 kV = 561,40 kV

U
=2 =0,6030
500 L&k

k, = 8"=0,9247

ky =k"=0,9805
Ky, = 0,9067
Uy o= Ky 2Ugp = 0,9067x537,40 kV = 506,52 kV

Uso 3= 1,1-Uy » = 1,1x506,52 kV = 557,17 kV

U
=% __=0,5085
500 L&k

ky =o&™=0,9261

ky = k" = 0,9809
K, 3 = 0,9084
U3 = Ki 3Upp = 0,9084x558,61 KV = 507,45 kV

Uso.4 = 1,1-Up 3 = 1,1x507,45 kV = 558,19 kV

U
g=—22% -0 5996
500 LSk

k= o&™=0,9258

ky =k"=0,9808
K 4 =0,9080
Ui 4 = Ky 4Ugp = 0,9080%x558,61 kV = 507,22 kV
The difference between the test voltage peak values of the last two iterations is now
507,45 kV - 507,22 kV = 0,23 kV
which is less than 0,1 % of the test voltage peak value of the last iteration. A convergence

limit of 0,1 % may be considered reasonable and is easily achievable using automation of
calculation.

The error in the first estimated K;, AK; ( %), and the error in the first peak test voltage,
AU( %), may be calculated as
AKy( %) = 100x (0,8849 — 0,9080)/0,8849 = — 2,61 %

AU %) = 100x (494,30 — 507,22)/494,30 = — 2,61 %
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The final a.c. test voltage (r.m.s value) to be applied can be then calculated from the final
converged a.c. peak test voltage value, which in this example is equal to

507,22 kV / V2 = 358,66 kV

NOTE This is the test voltage to be applied at an altitude of 2 240 m for testing insulation to be used in the
standard reference atmosphere (near sea level). This is not the test voltage to be applied at the standard reference
atmosphere for testing the insulation to be used at the altitude of 2 240 m.

Table E.3 lists the initial and converged K; values calculated with the iterative calculation
procedure for the other altitudes with the same relative humidity and discharge length as
shown in Table E.2. The errors which would result without using the iterative procedure are
given in the last column. The results also show that the effect of temperature on the error is
normally negligible.

Table E.3 - Initial and converged K; values for the example
of the standard phase-to-earth a.c. test voltage of 395 kV

Altitude Pressure Temperature Initial Converge AK, (%) or

(m) (hPa) (°C) K, K, AU( %)

0 1013,0 25,4 0,9904 0,9907 -0,03

0 1013,0 15 0.9871 0.9876 - 0,05
1540 838,6 20 0,9308 0,9404 -1,03
1540 838,6 15 0,9272 0,9377 -1,14
2240 769,6 20 0.8907 0,9120 -2,39
2240 769,6 15 0,8849 0,9081 -2,62

E.5 Comment

The error AK; due to incorrect initial Ugg input value becomes significant when the value K, is
lower than 0,95, which cannot be normally attributed to abnormal weather at sea level. A low
K, is primarily caused by testing at a high altitude location. The examples show that the error
in the corrected test voltage level can be as high as 1,1 % even at an altitude of 1 500 m
above sea level if the iterative calculation procedure is not used. This error increases to 2,6 %
at a level of 2 240 m. At sea level, the error would normally be insignificant.
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