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FOREWORD

The adoption of the IEC Standard as a Malaysian Standard was recommended by the
Working Group on Overvoltage under the authority of the Industry Standards Committee on
Electrotechnical-1.

This standard is a modified adoption of IEC TR 61000-2-14:2006, Electromagnetic
compatibility (EMC) - Part 2-14: Environment - Overvoltages on Public electricity distribution
networks, published by the International Electrotechnical Commission (IEC).

The modification is needed to suit the local industries.

During the development of this Malaysian Standard, some industries and consultant have
been approached for contribution such as steel industries, railway industries, light railway
transportation industries, etc.

The committee acknowledged the contributions from various parties such as PUTRA LRT
Sdn Bhd, TNB Distribution and TNB Transmission Divisions for their effort and participation.

This Malaysian Standard has been redrafted in order to provide a structure consistent with
that of other Malaysian Standards.

Compliance with a Malaysian Standard does not of itself confer immunity from legal
obligations.
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ELECTROMAGNETIC COMPATIBILITY -
ENVIRONMENT - OVERVOLTAGES ON
PUBLIC ELECTRICITY DISTRIBUTION NETWORKS

1. Scope

This Malaysian Standard specifies the electromagnetic environment with respect to the
voltages in excess of normal that are found on electricity supply networks operating at low
and medium nominal voltages and that can be impressed on equipment connected to those
networks, without considering further effects (e.g. amplification or attenuation) within an
installation. Since these overvoltages have the potential to hinder the functioning of electrical
and electronic equipment, they fall within the definition of electromagnetic disturbance in the
field of EMC. Various categories of overvoltage are described, based on relative magnitude,
duration and energy content.

This standard describes the phenomena of overvoltages. It does not specify compatibility
levels and does not directly specify emission and immunity levels.

The standard describes the various phenomena and processes that cause overvoltages,
including the transfer into the networks concerned of overvoltages that originate in or traverse
other networks and installations, including higher voltage networks and the installations of
electricity users. The effects of overvoltages on equipment are outlined. Some case studies of
overvoltage events are presented.

Recommendations are made regarding the general technical approach to mitigate the risk of
equipment being hindered from operating as intended by the effects of overvoltages.

The purpose of this standard is to ensure that this important category of electromagnetic
disturbance is included in the description of the environment. For that purpose, only a brief
description is provided of the various overvoltages and their causes and effects. A much more
detailed treatment can be found in IEC 62066. The measurement methods are specified in
MS IEC 61000-4-30.

2. Normative references

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

IEC 60050-161, International Electrotechnical Vocabulary. Chapter 161: Electromagnetic
compatibility

IEC 60071-2, Insulation co-ordination - Part 2: Application guide

IEC 60664-1, Insulation coordination for equipment within low voltage systems - Part 1:
Principles, requirements and tests

IEC 62066, Surge overvoltages and surge protection in low-voltage a.c. power systems -
General basic information

© STANDARDS MALAYSIA 2009 - All rights reserved 1
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MS IEC 60364-4-44, Electrical installations of buildings - Part 4-44. Protection for safety
Protection against voltage disturbances and electromagnetic disturbances

MS IEC 61000-6-1, Electromagnetic compatibility (EMC) - Part 6-1: Generic standards
immunity for residential, commercial and light-industrial environments

MS IEC 61000-6-2, Electromagnetic compatibility (EMC) - Part 6-2: Generic Standards
immunity for industrial environments

MS IEC 61000-4-30, Electromagnetic compatibility (EMC) - Part 4-30: Testing and
measurement techniques — Power quality measurement methods

MS IEC 61547, Equipment for general lighting purposes - EMC immunity requirements
MS IEC 61643 (all parts), Low-voltage surge protective devices

MS IEC 61800-3, Adjustable speed electrical power drive systems - Part 3: EMC
requirements and specific test methods

3. Definitions
For the purposes of this standard, the definitions in IEC 60050-161 and the following apply.
3.1 Back flashover

Flashover of phase-to-earth insulation resulting from a lightning stroke to that part of the
system which is normally at earth potential.

3.2 Breakdown

Dielectric failure of insulation under the effect of a strong electric field and/or by
physicochemical deterioration of the insulating material.

3.3 Direct lightning stroke

Lightning striking a component of the network, e.g. conductor, tower, substation equipment,
etc.

34 Declared supply voltage, U,

Normally the nominal voltage of the system. If by agreement between the electricity supplier
and the consumer a voltage different from the nominal voltage is applied to the supply
terminals, then this voltage is the declared voltage.

3.5 Disruptive discharge/flashover/sparkover

Passage of an arc following dielectric breakdown.

2 © STANDARDS MALAYSIA 2009 - All rights reserved
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3.6 Indirect lightning stroke

Lightning stroke that does not strike directly any part of the network but that induces an
overvoltage in that network.

3.7 Insulation coordination

Selection of the dielectric strength of equipment in relation to the operating voltages and
overvoltages which can appear on the system for which the equipment is intended to operate,
taking into account the service environment and the characteristics of the available prevention
and protective devices.

3.8 Lightning arrester/ surge diverter/ surge arrester/ surge protective device (SPD)

Device designed to protect the electrical apparatus from high transient overvoltages and to
limit the duration and frequently the amplitude of the follow-on current.

3.9 Lightning impulse

Voltage impulse of a specified shape applied during dielectric tests with a virtual front duration
of the order of 1 us and a time to half value of the order of 50 pus.

NOTE. The lightning impulse is defined by the two figures giving these durations in microseconds; in particular the
standard lightning impulse is 1.2/50 ps.

3.10 Long duration overvoltages

Overvoltage with duration in excess of 10 min.

NOTE. The magnitude of a long duration overvoltage is typically given as a r.m.s. value.
3.11 Nominal voltage, Uy

The voltage by which a system is designated or identified.

3.12  Overvoltage

Any voltage having a value, either peak or r.m.s., exceeding the maximum value of the
corresponding declared voltage.

3.13  Per unit (p.u.)

Methodology used to simplify equations and the presentation of electrical parameters by
expressing them as a fraction of a reference parameter:

actual valuej

p.u. value =
base value

where the actual value and base value are of the same quantity, e.g. voltage, current,
impedance etc.

NOTE. Typically the base value for voltage is the nominal voltage for fundamental frequency phenomena and the
peak line to ground voltage for transients.
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3.14  Power frequency withstand voltage

r.m.s. value of sinusoidal power frequency voltage that the equipment can withstand during
tests made under specified conditions and for a specified time.

3.15 Rise time (of a pulse)

The interval of time between the instants at which the instantaneous value of a pulse first
reaches a specific lower value and then a specific upper value.

NOTE. Unless otherwise specified, the lower and upper values are fixed at 10 % and 90 % of the pulse magnitude.
3.16  Short duration overvoltage

Voltage swell, power frequency overvoltage with a duration lasting greater than one period
(one cycle) and up to 10 min.

NOTE. The magnitude of a short duration overvoltage is typically given as a r.m.s. value.

3.17  Surge

Transient voltage wave propagating along a line or a circuit and characterised by a rapid
increase followed by a slower decrease of the voltage.

3.18 Temporary overvoltage

Oscillatory overvoltage (at power frequency) at a given location, of relatively long duration and
which is undamped or weakly damped.

NOTE. Temporary overvoltages usually originate from switching operations or faults (e.g. sudden load rejection,
single-phase faults) and/or from non-linearities (ferroresonance effects, harmonics).

3.19 Transient

Pertaining to or designating a phenomenon or a quantity which varies between two
consecutive steady states during a time interval short when compared with the time-scale of
interest.

3.20 Very short duration overvoltage (transient)

Overvoltage with a duration from less than a microsecond to several periods at fundamental
frequency.

NOTE. The magnitude of a very short duration overvoltage is typically given as a peak value.
3.21 Voltage impulse

Transient voltage wave applied to a line or equipment, characterised by a rapid increase,
followed generally by a slower non-oscillatory decrease of the voltage.

4 © STANDARDS MALAYSIA 2009 - All rights reserved
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3.22 Front time, T,

For a lightning impulse voltage T; is a virtual parameter defined as 1.67 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 at Figure 1).

3.23 Time to half-value, T,

For a lightning impulse voltage T, is a virtual parameter defined as the time interval between
the virtual origin, Oy, and the instant when the test voltage curve has decreased to half the
peak value.

4. Description of overvoltages
4.1 General

Overvoltages are an intrinsic phenomena present on all networks. Overvoltage events can be
created in the public network or in the electricity user's installation. The dynamic response of
a network to load switching both planned and unplanned (faults) will result in the storage and
release of energy. This transfer of energy will cause an overvoltage to be propagated within
the network.

4.2 External overvoltages

Overvoltages that are caused by events that are external to an installation, for example
lightning strokes and faults on adjacent higher voltage networks, are generally very short term
overvoltage travelling waves. They attenuate with distance and the wave front becomes less
steep. In addition there are longer term overvoltages caused by load rejection, open circuit
neutrals, faulty voltage control equipment and the effect of distributed generation.

4.3 Internal overvoltages

Events within an installation can give rise to overvoltages, for e.g.: the switching of non linear
load, switch arcing, and fuse operation.

4.4 Overvoltage waveshape
A common method of representing the waveshape of a very short term overvoltage is shown
in Figure 1. The important values are the front time, Ty and the time to half-value, T,. For

example, typical values for a transient overvoltage caused by lightning are 1.2 us for the front
time and 50 ps for the time to half-value (a 1.2/50 us waveform).

© STANDARDS MALAYSIA 2009 - All rights reserved 5
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Figure 1. Lightning impulse test voltage characteristic

NOTE. Figure 1 is only meant to represent an example of one type of overvoltage. Other types of overvoltage are
described in IEC 60071-2.

Other very short duration overvoltages having the shape of a damped high frequency
oscillation can be caused by events such as energising capacitor banks, although their
amplitude is often much lower than an overvoltage caused by a lightning stroke, and the rate
of occurrence can often be higher. This type of very short duration overvoltage can propagate
over long distances and across voltage levels, hence adverse effects can often be seen some
distance from the point of initiation. This is particularly true when the overvoltages are
transferred to the lower voltage networks where the resilience of equipment is at its lowest.
The situation at all voltage levels can be further exacerbated if a resonance condition is
created, i.e. when the frequency of the transient overvoltage is close to the natural frequency
of the network and or equipment connected to the network.

When more than one type of overvoltage event occurs simultaneously, it can lead to
overvoltages in excess of the values quoted for a single event.
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5. Long duration overvoltages

The overvoltages presented in this clause are typically described as being of long duration,
however it should be noted that there will be instances where for a particular event the
overvoltage could last for less than 10 min. The overvoltages presented in this standard are
50 Hz and/or 60 Hz overvoltages.

5.1 Sustained earth faults

In MV networks with isolated or high-impedance grounded neutral, this kind of fault will
produce line to earth temporary overvoltages on the healthy phases. The overvoltage will last
for the duration of the fault, this can be anything from parts of a second for conventionally
earthed systems up to some hours for systems earthed via a tuned reactance (Petersen coil
earthing). Generally the magnitude of the overvoltage will not exceed twice the nominal phase
to earth voltage, i.e. V3 x U, where U can be up to 1.1 x Uy if the voltage is at the maximum of
the acceptable MV range. The overvoltages last until the faulted section of network is
disconnected.

Earth faults on the MV network can result in temporary power frequency overvoltages
between live conductors and earth on the LV network. The duration and magnitude of these
overvoltages will be dependent on the fault conditions and the MV earth impedance, as
described above.

The majority of public LV distribution systems are operated with a solidly earthed (grounded)
neutral. Therefore when earth faults occur on the MV network that raise the ground potential
in the vicinity of the LV network it is possible for an overvoltage to exist between the phase
and earth conductors of the LV network. The duration is limited by the time taken for the MV
protection and circuit breaker to clear the fault, typically no more than 5 s. The magnitude of
the overvoltage will generally not exceed 1.5 kV r.m.s., however this is dependent upon the
impedance of the LV ground connection and the magnitude of the MV earth fault current. IEC
62066 contains a comprehensive description of this type of overvoltage.

5.2 Broken neutral on LV network

For a three-phase LV network supplied from a star (wye) transformer winding or for a two
phase network supplied from a transformer with a centre-tapped neutral at LV (sometimes
referred to as a three-wire network), if the neutral becomes disconnected (e.g. broken due to
a fault), single-phase loads beyond the break could experience an overvoltage up to the line
voltage of the network. The exact magnitude of the voltage will be dependent upon the ratio of
the impedance (loads) connected across each phase of the network (see Figure 2) below.
This type of overvoltage can persist for several hours or, in rare cases, days until the neutral
has been reconnected or the faulty network has been disconnected in readiness for repair.
This disconnection is often by manual intervention following complaints of severe voltage
fluctuations which occur as a result of changes in load.

© STANDARDS MALAYSIA 2009 - All rights reserved 7
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Figure 2. Broken neutral on LV network

In the event of a broken neutral as shown in Figure 2 above, the voltage that appears across
load A and load 8 is determined by the relative magnitude of these two loads, i.e.:

Voltage across load A (Un) = UL112 Z—A and
Z, +7Zg

Voltage across load B (Ug) = UL112 - Ua

Hence, depending upon the values of Z, and Zg it is possible for U, to vary between near
zero and full line voltage (U_1.2).

NOTE. Depending on the impedances and their phase shift, the voltage on the unloaded phase, phase L3(L; - N),
could theoretically be higher than the full line voltage.

5.3 Mal-operation of voltage regulating equipment

Mal-operation of automatic voltage regulation systems can sometimes lead to long duration
overvoltages between 1.1 p.u. and 1.2 p.u. at most. For instance, this could be due to a loss
of regulator voltage reference causing the tap changer to boost the voltage at its maximum or
inadequate line drop compensation settings following unplanned load transfer on a regulating
transformer. Appropriate voltage regulator blocking relays can minimise risks of such
situations.

8 © STANDARDS MALAYSIA 2009 - All rights reserved
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5.4 Overvoltages due to voltage unbalances

The combined effect of voltage unbalances and steady state voltage close to the maximum
agreed voltage tolerance can result in long duration overvoltages. This is the case in
particular for effectively earthed distribution systems supplying single-phase loads connected
line-to-neutral through an equivalent Y-y earthed MV/LV transformer connection. In such
cases, not only negative-sequence voltages can be transferred due to load unbalance, but
also zero-sequence voltages as well. The latter also depends on the zero-sequence system
impedance.

In some cases, the combination of steady state voltages near the upper limit, and the
negative-sequence plus the zero-sequence voltage unbalances can lead to permanent line-
to-neutral voltages on some phases in the range of 1.1 p.u. at MV and LV. Voltage regulators
whose voltage reference is connected line-to-neutral can however compensate the effect of
zero sequence voltage unbalance thus reducing risks of this kind of overvoltage.

5.5 Dispersed generation

In the absence of distributed generation it is typical for public distribution networks to have
been designed on the basis that energy flows in one direction i.e. from the source (substation)
to the point of utilisation. Therefore it is typical for the voltage to be a maximum at the source
and to decrease with distance away from the source.

In some areas it is typical for MV/LV transformers to have an adjustable transformation ratio
(tap setting). The tap setting can only be adjusted off load and is selected with a view to
offsetting the voltage drop in the MV network.

MV and LV networks are designed such that under conditions of no load the voltage at
source, be it MV or LV, is as close as possible to the maximum agreed voltage tolerance. This
should ensure that the supply delivered to loads at the remote end of the network will remain
within agreed tolerances at times of peak demand.

The presence of distributed generation within the network can have the effect of increasing
the voltage level at the point of connection and therefore modifying the voltage distribution
profile. In Figure 3, the lower curve shows how the network voltage decreases with distance
from source, while the upper curve shows how the voltage profile can be raised if distributed
generation is connected between the source and the receiving end. This effect is exacerbated
if generation export coincides with periods of low demand (load) on the network.

NOTE. For the purposes of describing Figure 3, only the terms Ug and Ukrpg are introduced.

In the absence of distributed generation the voltage at the receiving end is Uz and as
mentioned previously, MV/LV transformers with off-load tap settings have been adjusted to
compensate for the line voltage drop AV. If distributed generation is connected to the network,
the receiving end voltage is raised to Urpg and the LV will also rise. In the absence of suitable
voltage regulation or overvoltage protection it is possible that the distributed generation could
cause the network voltage to exceed agreed tolerance levels.

For networks with high source impedance (sometimes referred to as "weak networks") the

risk of voltage rise could be the limiting factor in determining the amount of distributed
generation that can be connected.

© STANDARDS MALAYSIA 2009 - All rights reserved 9
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Figure 3. The effect of distributed generation on network voltage

6. Short duration overvoltages

6.1 Earth faults

As explained in Clause 4 the method of earthing and the value of the neutral to earth

impedance will determine the magnitude of overvoltage that will occur on the healthy phases

during earth faults. Various types of neutral earthing are used from solid or effective to the

high impedance earthing.

The effectively earthed neutral applies to a system, or portion of the system, where the ratio

of zero-sequence reactance to positive-sequence reactance is positive and not greater than 3

and the ratio of zero-sequence resistance to positive-sequence reactance is positive and not

greater than 1, as viewed from a considered location for any condition of operation:
05X0/X1S33nd0SRO/X1S1

where,

Xi is the positive-sequence reactance;

Xo is the zero-sequence reactance; and

R, is the zero-sequence resistance.
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For effectively earthed neutral systems, the overvoltage on the healthy phases is limited to
less than 1.4 p.u.

Figure 4 below illustrates the maximum line to neutral (L - N) overvoltage on healthy phases
for different values of the impedance factors Xo/X; and Ry/X; used for defining the
effectiveness of the neutral earthing.
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Figure 4. Line-neutral temporary overvoltage on healthy phase
for single phase line - earth fault

In some countries, in order to reduce earth fault currents, networks are earthed via a high
impedance component (resistor/reactor), this requires that all network components have to be
rated for full line voltage.

6.2 Load rejection (sudden load loss)

Sudden loss of load on the MV or HV networks can result in a temporary overvoltage before
the automatic voltage control can correct the situation and bring the voltage back within limits.
The magnitude of the overvoltage depends on the magnitude of the source impedance (lower
impedance systems will see less change in voltage) and the size and characteristics of the
load. Typically the overvoltage will be in the range of Uy + 3 %, but in rare cases, such as
faults, it could be up to 6 %. Typically it can take up to three minutes before the tap changer
can stabilise the situation and bring the voltage back within limits.

Higher overvoltages are possible in the case of weak supply systems (high source
impedance) or isolated power plants where the dynamic response of machines adds to
overvoltages, and in particular when a relatively long line or cable is left connected to the
generator following load rejection at the receiving end. This condition can even lead to the
Ferranti effect.

© STANDARDS MALAYSIA 2009 - All rights reserved 11
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The Ferranti effect is a condition where the voltage at the receiving end of the line can rise to
a value in excess of that at the sending end of the line or cable. This phenomenon is due to
the voltage gain across the capacitive elements of the line or cable. The Ferranti effect can
result in significant overvoltages appearing at the receiving end of very long lines, therefore it
is more often associated with HV and EHV networks and rarely a problem for MV networks.
The Ferranti effect also poses a risk of resonance and ferroresonance when the long lines are
terminated by unloaded transformer, leading to transformer saturation and an overvoltage
with a distorted waveshape. Where it is identified that overvoltages due to load rejection are
likely to reach an unacceptable level, protective systems need to be implemented to ensure
that such overvoltages will be of short duration.

6.3 Self-excitation

Self-excitation can occur where the load on a generator becomes capacitive or where a motor
is left disconnected with capacitors in parallel.

In the case of synchronous machines, the armature reaction can cause excessive voltage rise
as a result of an increase of the exciting flux. To maintain the voltage within the acceptable
range of values, a negative field may be needed, but it is not always sufficient.

Additionally, if the generator suddenly becomes islanded on a capacitive load following load
rejection, the generator will accelerate. The machine reactance increases with frequency
while the capacitive reactance decreases. Therefore it is important to make sure that self
excitation does not occur, not only at nominal frequency, but also as a consequence of
frequency variations resulting from load rejection. When self-excitation is possible during
overspeed conditions, it is important to ensure that the generator is disconnected quickly
before reaching the critical frequency in order to avoid losing control of the voltage.

Self excitation is also possible for induction generators and motors. As a countermeasure, it is
often recommended to limit the amount of reactive power compensation to less than about 30
%, of the motor or generator rating, to reduce the risk of self excitation in the case of islanding
or load rejection.

6.4 Resonance and ferroresonance

6.4.1 Resonance

As a result of the interaction between the reactive and inductive components that are part of
every power system, each system will be inherently resonant at a certain frequency or
frequencies. As such resonance itself is not an exceptional phenomenon, however resonance
as a cause of overvoltage may be exceptional, but should be recognised. There are two
general conditions that need to be satisfied before the normal voltage can be amplified by
resonance:

a) there needs to be sources of harmonics at the right frequency or frequencies in order to
excite resonances; and

b) system damping (e.g. resistive loads) must be relatively small.
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Therefore, resonance is more likely to cause overvoltages when combined with other sources
of overvoltages that create favourable conditions. For instance, overvoltages due to load
rejection may cause transformer saturation leading to harmonics which may be amplified by
resonance and add to overvoltages. Resonance is also possible during switching transients
such as switching-in an unloaded transformer with a harmonic rich content of inrush current.

This is a particular problem when switching a transformer that only has a capacitive load e.g.
energising capacitors or filters or a long section of cable.

6.4.2 Ferroresonance
6.4.2.1 General

Ferroresonance is a rare phenomenon compared to single line earth faults. It is associated
with the saturation of magnetic cores in conjunction with relatively small system capacitances.
Steady-state oscillations occur under special low damping conditions only. The overvoltages
that result are not power frequency overvoltages, but are characterised by a heavy distortion
due to the presence of sub-harmonic and harmonic voltage components, generally from a few
Hz up to three times fundamental frequency.

NOTE. For a more detailed explanation of ferroresonance, refer to a report by Schneider Electric: Cahier technique
n°® 190 Ferroresonance (see the Bibliography).

A particular characteristic of ferroresonance is that it is very dependent upon the point on
wave that the network is energised and the magnetic condition of the inductor core, this
allows more than one possible voltage and current condition to exist for “the same” circuit
connections. This can lead to confusion since the phenomenon is not easy to predict with
certainty.

For the ferroresonance to occur there has to be at least one distribution transformer (single or
3-phase; pole or ground-mounted) connected to a minimum amount of capacitance (e.g. a
length of MV underground cable) in the network section downstream of the “break”. The risk
is always greatest when the transformer(s) are unloaded or very lightly loaded.

To interrupt a ferroresonance condition once it has become sustained, all MV phases must
either be disconnected or else all reconnected. For unearthed systems the ferroresonance
can be controlled by earthing the network; and for unloaded networks the addition of load will
act to reduce the overvoltage by damping the resonance.

In practice two conditions are known to cause ferroresonance in MV networks, as described
in 6.4.2.2 and 6.4.2.3.

6.4.2.2 Ferroresonance - Open circuit condition
This condition stems from one or two-phase open circuits (fuse operation, broken conductors,

etc.) that remain energised by the healthy phase, via an unearthed primary winding of a
MV/LV transformer under light load condition.
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For example ferroresonance has been known to occur after a previously healthy network has
'lost' one or two phases, or while a previously dead network is being re-energised phase-by-
phase e.g. as during ‘live-line” work on the MV network. Although voltage values are
potentially high (up to five times nominal MV line to earth voltage on the disconnected
phase(s)). Where MV surge arresters are fitted, the overvoltage will be limited to 2.4 p.u., the
current drawn from the healthy phase(s) is relatively small, appearing as a very low level
earth fault to the circuit protection which will not usually cause the circuit protection to
operate, hence the condition could persist for some time.

6.4.2.3 Ferroresonance - Earthed magnetic voltage transformers in MV networks with
an isolated neutral

Typically this phenomenon occurs in relatively small MV networks, or small sections of larger
networks. In order to avoid such oscillations, damping resistors can be connected to the open
delta windings of all voltage transformers in the section of network. The resistor size depends
on the transformer design and rating. Alternatively, the system affected can be grounded
temporarily or continuously, e.g. via a grounding transformer.

Phase to earth overvoltages appear due to ferroresonance effects if excited by a sudden
change in the network, for example fault application/clearing, switching operations, etc.

The maximum magnitude of the overvoltage is in the range 1.8 p.u. to 2.5 p.u. with a
waveform affected by sub-harmonic and/or harmonic distortion (from a few Hz to three times
the fundamental frequency). Oscillations due to ferroresonance in balanced 3-phase systems
are a zero-sequence phenomenon only, i.e. they can be measured in line-to-ground voltages
only. Line-to-line voltages are not affected.

7. Very short duration overvoltages (transients)
71 General description

Very short duration overvoltages often referred to as “transient overvoltages” present very
different characteristics to the more stable longer duration overvoltages. It is common practice
to classify very short duration overvoltages in relation to amplitude and duration/frequency; in
addition the following characteristics can also be cited: surge main frequency, rate of voltage
change and energy content.

Several phenomena, including the operation of switches and fuses and the occurrence of
lightning strokes in proximity to the supply networks, give rise to transient overvoltages in low-
voltage power supply systems and in the installations connected to them. The overvoltages
may be either oscillatory or non-oscillatory, are usually highly damped, and have rise times
ranging from less than 1 ys to a few milliseconds.

The magnitude, duration, and energy-content of transient overvoltages vary with their origin.

Generally, those of atmospheric origin have the higher amplitude, and those due to switching
are longer in duration and usually contain the greater energy.
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Transients propagate differently depending on the rate of rise (steepness) of the overvoltage
waveform. Steep front lightning surges generally do not propagate over long distances
because of more losses at high frequencies and because of the corona effect associated with
these types of overvoltages. Lightning surges are reflected or transmitted through the network
according to the surge impedance of lines, cables or other type of apparatus connected at
terminations. In the case of power transformers, transfer characteristics of an incidental
lightning surge at different voltage levels will be determined by the stray and mutual
capacitances of windings.

Very short duration overvoltages on the low voltage distribution network will generally not
exceed 6 kV peak, but higher values may occur in some areas that are subject to severe
lightning conditions. The rise time covers a wide range from milliseconds down to much less
than a microsecond.

7.2 Lightning
7.2.1  General discussion on lightning

The magnitude of a lightning stroke is typically in the range 20 kA to 50 kA but can be as high
as 200 kA. The more common lightning stroke is within the cloud but it is the less common
stroke to the ground that has the most noticeable effect by inducing overvoltages in electricity
networks.

There are two main mechanisms by which lightning causes overvoltages to appear in
electrical networks, as follows:

a) the lightning stroke causes a high current to flow through the conductors (lines, earth,
fuses, surge arresters etc.). The passage of this current through the impedance of the
lines and components will lead to the generation of overvoltages across these
impedances; and

b)  the current flow from a lightning stroke generates an electromagnetic field that induces
an overvoltage into adjacent equipment. This induction can cause significant
differences of potential between circuits and or earthed equipment.

Due to the construction of HV and EHV lines, high metallic towers with an overrunning earth
wire, these networks frequently suffer direct lightning strokes to the tower itself, but not to the
phase conductors because the earth wires act as a shield to intercept a majority of the high
intensity lightning strokes. MV and LV networks typically use wood or concrete poles and they
are shorter in height than HV and EHV structures, hence they are less prone to direct
lightning strokes, however their phase conductors may be hit by direct lightning strokes
unless they are also protected by overhead earth wires. In any configuration, the severity of
overvoltages due to lightning strokes increases with the value of earth resistances.

An overvoltage applied on the primary side of a transformer is transmitted to the secondary
side by capacitive coupling between the windings and by inductive coupling. As far as public
distribution MV/LV transformers are concerned, the overvoltage transmitted on the secondary
side is typically not higher than 10 % of the overvoltage on the primary side. However, if the
transformer is open circuit on the LV side, the overvoltage could exceed 10 %.
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The following subclauses will describe four scenarios:

a) direct lightning strokes;

b) indirect or induced strokes;

c) back flashover; and

d) lightning strokes on structures connected to the electricity network.
7.2.2  Direct lightning stroke

When lightning strikes an overhead line an overvoltage transient is propagated in each
direction. The magnitude of the overvoltage is dependent upon the magnitude of the stroke
current and the surge impedance of the overhead line. Upon reaching a node (termination
etc.) the transient overvoltage is partially reflected and partially transmitted beyond the node,
dependent upon the ratio of the surge impedances on each side of the node.

In primary HV/MV substations and MV/LV secondary substations overvoltages are limited by
protection equipment fitted at these locations:

a)  surge arresters;

b) arc gaps; and/or

c) diverters.

7.2.3 Indirect or induced lightning stroke

When lightning strikes the ground or a structure in the vicinity of electrical apparatus, a
current is induced in the apparatus. Whilst the magnitude is less than it would be for a direct
stroke the wave shape of the overvoltage is similar.

Typically for MV lines operating at 33 kV or less, one of the most frequent causes of insulation
breakdown due to lightning is the induced lightning overvoltage. In this case, the stroke is
indirect because the lightning stroke hits the ground or a structure in the vicinity rather than on
the line itself, but due to electromagnetic coupling, an overvoltage is induced on the adjacent
line conductors. This induced overvoltage and the travelling wave which results from it can
build up overvoltages exceeding the withstand of the MV line insulator string. It has been
shown that overhead earth wires have a beneficial effect in reducing the induced
overvoltages.

7.2.4 Lightning back flashover

In this case the tower and/or earth wire suffer a direct lightning stroke which produces a
voltage between the tower and the phase conductor(s) (lines) in excess of the withstand
rating of the line insulators. This type of breakdown mechanism is typical of high voltage lines
because they are normally well protected against direct strokes to the phase conductor(s) and
their insulation can withstand induced lightning strokes. The transient overvoltage associated
with a "back flashover" will depend upon several factors, the main ones being the magnitude
of the incidental lightning stroke, the stiffness of the wavefront, the surge impedance of the
tower and earth wires, and tower footing resistance. A countermeasure to reduce the risk of
back flashover is to reduce the tower footing resistance as much as possible, e.g. by using
buried ground conductors, so-called "counterpoises".
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7.2.5 Lightning strokes on structures connected to the electricity network

If lightning strikes a building or structure directly, then high values of overvoltage can be
impressed on the electrical installations and equipment within the structure. Current division
and various coupling effects can cause the overvoltage to be transferred into the low voltage
network to which the installation is connected, affecting other installations on the same
network.

Moreover, if a lightning surge strikes or is induced in any metallic path, such as a
telecommunication, signalling or control system that is connected to the electricity network or
an electric power circuit within an installation or individual item of equipment, interactions at
an interface between those systems can extend the overvoltage to a system other than that
initially affected. In particular, the electricity network or a power circuit within equipment can
be subject to overvoltage arising from:

a) large change in one of the earthing reference potentials, due to the flow of lightning
current; and

b) inductive and capacitive coupling close to a lightning path, due to the high
electromagnetic fields generated by the lightning current.

7.3  Switching
7.3.1 Fault switching

The operation of network circuit breakers, switches and protective fuses all result in an arc
being struck across the contacts or fuse element. As the contacts of the circuit breaker start to
part, or the element of the fuse starts to melt, there is a rapid rise of voltage across the
contacts. This is called the reignition voltage, it is a high frequency transient caused by the
rapid redistribution of energy across the R, L and C components of the network. Each time
the arc is extinguished, the energy stored in the inductance (W = 1/2LI2) of the circuit is
transferred to the capacitance (W = 1/2CU2). In the dynamics of fault clearance the
capacitance across the circuit breaker (or fuse element) can become a major component of
the overall capacitance of the circuit: as the gap widens the capacitance decreases, therefore
the re-ignition voltage must increase.

Once the fault current has been interrupted, the voltage that appears across the open
contacts of the circuit breaker is known as the recovery voltage. For weak systems the
recovery voltage can be less than the normal system voltage until the effects of armature
reaction have ceased. The redistribution of energy associated with the original fault current
can continue after the circuit breaker has opened, this can result in a transient voltage being
superimposed on to the recovery voltage. The frequency and energy content of this transient
are related to the relative values of R, L and C, and the point on wave at which the circuit is
interrupted. Typically overvoltage transients associated with fault clearance will not exceed
two times nominal voltage, however for circuits containing a significant amount of capacitance
this figure can rise to three times nominal voltage.
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7.3.2 Routine switching

Routine switching on the distribution and transmission networks can generate overvoltages
due to the charging/discharging of components (capacitors and inductors). The magnitude
and frequency of the overvoltage will depend upon the relative values of the reactive
components (L and C), the 'point on wave' at which the active components are energised, i.e.
the phase angle at which the supply voltage is switched on, the source impedance of the
network.

Interruption of line current at a point on the wave other than at a natural current zero will result
in the electromagnetic energy in the circuit being rapidly converted into electrostatic energy.
For highly inductive circuits, switching currents at non-zero crossings can result in transient
overvoltages being propagated through the system.

7.3.3  Shunt capacitor and cable switching
7.3.3.1  General

This subclause focus on the effects caused by switching discrete capacitors, however it
should be recognised that similar effects occur when switching sections of underground
cables.

Shunt connected power factor correction capacitor banks are installed at strategic locations
on a network in order to produce the capacitive reactance necessary to compensate the
reactive power demands (caused by the inductive reactance of the network loads) and so
minimise the flow of reactive power throughout the network.

In order to achieve an optimal control of the steady state voltage, the capacitor banks are
switched on and off in response to load variations and changes in system configuration.
However the switching operation produces transient overvoltages that are propagated across
the voltage levels. It has been known for these overvoltages to cause disturbance or even
damage to sensitive equipment connected at lower utilisation voltage levels.

7.3.3.2 Energising

Energisation of capacitor banks is a common cause of transient overvoltages, typically the
value at the point of incidence will not exceed twice the nominal voltage. However, wave
reflections and voltage magnification can occur as the overvoltage transient is propagated
along a line, amplifying the overvoltage incident on connected equipment. This needs to be
taken into account if immunity is being considered for particular equipment or installations.

When a single uncharged capacitor bank is switched on, the energisation generally takes
place in a window around the peak of the voltage. This is because of pre-arcing across the
circuit breaker contacts. This does not necessarily apply to vacuum and gas insulated circuit
breakers (VCBs and GIS), where the closing instance is more random than for other types of
switchgear. At the instant of energisation the system voltage instantaneously collapses at the
capacitor before being restored following a damped oscillation, the frequency of which
depends on the natural frequency determined by the source inductance together with any
current limiting reactor (L) and the capacitance (C) of the bank being switched on Figure 5
illustrates a typical voltage waveform when a three phase ungrounded capacitor bank is
energised.
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This transient oscillation, whose frequency is typically between 200 Hz to 1 500 Hz, is
superimposed onto the power frequency voltage waveform (50 Hz), resulting in a transient
overvoltage whose peak is generally lower than 2.0 p.u. due to load damping. Typical values
are 1.5 to 1.7 p.u. The transient oscillation attenuated almost completely after a few tens of
milliseconds depending on the load and network characteristics.
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Figure 5. Typical transient overvoltage when energising a capacitor

When a second capacitor bank is switched on in parallel with an already energised capacitor,
two different transient oscillations arise. The first is due to the portion of energising current
supplied by the network, so its frequency is determined by the source inductance (L) and the
parallel combination of the two capacitor banks (C and C,). Since C is pre-charged at 1 p.u.
the current inrush from the supply system and the corresponding transient voltage will be less
(typically half for banks of equal size) than in the case of a single capacitor bank.

The second transient is associated with a larger energising current due to the oscillation
between the first and the second capacitor bank. The high frequency transient will typically
have a frequency in the range of 2 kHz to 10 kHz and will last for a few miliseconds. The
characteristics of the overvoltage are determined by the circuit components, C and C; in
series with the inductance L between them, where L is generally small compared to the
source inductance. L represents the busbar inductance and the current limiting reactor, where
fitted.

The transient overvoltages injected into the network during staged switching of capacitor

banks is found to be lower than overvoltage caused by switched a single capacitor bank
because the pre-charged adjacent capacitor bank supplies a large part of the inrush current.
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In the absence of pre-striking, transient overvoltages due to the energisation of capacitor
banks seldom cause a problem to the equipment connected adjacent to the capacitor bank at
MV or HV. This is because MV and HV equipment is, in general, designed and protected to
operate satisfactorily under such conditions.

However, since overvoltage transients can propagate to lower voltage levels, they may cause
overvoltages in excess of the insulation withstand of some equipment, in particular power
electronics. Moreover, as we will see later along with the propagation of transients,
resonances may occur at lower voltage levels and cause magnification of the incidental
overvoltage. Travelling waves may also produce excessive phase-to-phase overvoltages at
remote locations at MV or HV.

7.3.3.3 De-energizing capacitor banks

At the instant a mainly capacitive circuit is interrupted the capacitor will still be charged up to a
maximum of the peak value of system voltage (V;), half a cycle later the system voltage will
be -V, and out of phase with the trapped voltage in the capacitor giving a gap voltage of 2 V,
which is added to the system voltage giving a maximum voltage of 3 V. If this overvoltage is
sufficient to break down the medium between the switch contacts (breaker restrike) an
oscillatory voltage wave will be set up. This oscillatory overvoltage will be propagated through
the network. Under certain circumstances such as in the case of capacitor banks with an
unearthed star point it is possible for the maximum overvoltage to be increased beyond 3 V,
possibly as high as 4 V, for asynchronous opening of circuit breaker contacts, however
transient overvoltages on the network will be limited by adjacent surge arresters. As a general
rule, restrike-free circuit breakers are essential for the switching of capacitor banks.

7.3.3.5 Travelling waves

The sudden voltage collapse at the first instant of energising a capacitor bank creates a steep
fronted travelling wave, which is propagated along the lines connected to the same busbar as
the capacitor bank. Lines terminated by high surge impedance (e.g. transformers) can be
subjected to a natural high frequency oscillation due to waves travelling back and forth with
doubling effects and changes in polarity.

This high frequency component decreases very quickly as it is reflected or transmitted at
terminations and produces line-to-earth overvoltages typically up to 2.7 p.u. under some
conditions limited in value by surge arresters. However, these high frequency transients may
also produce phase-to-phase overvoltages (4 p.u. or more, even if line-to-earth surge
arresters are present) that could exceed the phase-to-phase insulation withstand levels (for
three-phase equipment).

7.3.4 Commutation oscillations

Commutation of power electronics leads to voltage oscillations. These oscillations can set up
resonances at the natural frequency of the circuit, if the circuit is undamped, these
resonances can lead to damaging overvoltages. These oscillations are not normally
transferred across transformers. The probability of oscillations occurring is increased when
there is a low value of “decoupling” inductance between the converter and the supply system;
and the risk of resonance is increased by low system damping.
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Typical oscillation frequencies lie in the kHz range, up to 20 kHz. The magnitude of the
oscillation can be up to 1.5 p.u. however typical magnitudes are in the range of 1.1 p.u. to 1.2
p.u. Due to the repetitive nature of commutation oscillations they can cause a thermal
overload of surge protection devices, e.g. varistors frequently used for the protection of LV
electronics. Figure 6 below shows the voltage waveform distorted by commutation notches.
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Figure 6. Notching caused by power electronics switching

MS IEC 61800-3 specifies 1.5 p.u. as the maximum peak overvoltage.
7.3.5 Switching of shunt reactors

Switching of shunt reactors generates transients both in energisation and de-energisation. In
de-energisation there are two sources of overvoltage: current chopping and reignitions.
Chopping overvoltages due to interrupting the inductive current before its natural zero depend
on the characteristics of the circuit breaker (including arcing time), reactor size, and the
presence of capacitance, but are generally less than 1.5 p.u. Re-ignition overvoltages are
normally somewhat more severe, and arise when the voltage between the circuit breaker
contacts after initial interruption exceeds the dielectric withstand of the contact gap. The rate
of rise of voltage during reignition is between lightning and fast-front transients, while
chopping overvoltages are equivalent to slow-front transients.

Multiple re-ignitions may excite internal resonances of the reactor or may lead to virtual

current chopping for some types of breakers followed often by destructive overvoltages.
Mitigation measures such as surge arresters and R-C-damping circuits may be required.
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7.3.6 Switching of transformers

Energisation of transformers can produce high inrush currents which amplitude and waveform
depend on the point of wave and residual flux at the instant of closing. The inrush currents are
rich in low order harmonics. Transformers can generate overvoltages if resonances with other
components occur. Harmonic components in the inrush magnetising current when an
unloaded transformer is energised can resonate with capacitive elements on the network,
generating overvoltages of up to 2 p.u.

When a transformer is energized there is a very high rate of change of voltage (dv/dt) across
the primary winding, which creates an overvoltage in the secondary winding due to the
transformer capacitance. Although this kind of overvoltage is not very severe, peak values of
2 kV and 1 us have been measured on the LV side of an MV/LV transformer. Note that
mitigation for this type of overvoltage can be implemented by a shield between HV and LV
windings.

Transient overvoltages due to disconnection of the transformer depend mainly on the load
during the instant of switching, the type of circuit breaker used and the system configuration.
Switching currents with high reactive component (power factor (pf) below 0.7, e.g. short circuit
at the secondary side or mainly reactive load) increases the probability of high switching
overvoltages. In this case, phenomena are similar to de-energisation of shunt reactors.
Mitigation measures are installed generally in case of frequent switching under critical loading
conditions only. Switching mainly active currents generally creates overvoltages not
exceeding 2 p.u.

7.3.7 Controlled switching of circuit breakers

Since many of the overvoltages arising from switching are caused by the fact that circuit
breaker contacts close or open at unfavourable points of the alternating voltage or current
cycle, a possible strategy to reduce overvoltages is to control the instant at which the contacts
close or part. In its most elementary form, this is done by means of an electronic control
module applied to a more or less standard circuit breaker. In that case, however, the contacts
on the three phases operate more or less simultaneously. Also, many circuit breakers exhibit
considerable variation in the length of the interval between the delivery of the operating signal
and the effective instant of contact movement.

For full control it is necessary to design the circuit-breaker mechanism to permit close and
independent control of the three phases separately. It is necessary also for the circuit breaker
to have a suitable dielectric capability, including the rate of decrease of dielectric strength
(RDDS). The control module performs complex measurements of the many variables that
influence the operating instant for e.g., operating times tend to drift with age, number of
operations, ambient conditions, etc.

This method is moderate in cost and adaptative control techniques may be used that can
ensure the control will continue to function correctly which has been applied mainly on
transmission networks.

7.4  Summary of surge duration and cause

Tables 1 and 2 summarise the causes of surges on low voltage networks and medium voltage
networks respectively.
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Table 1. Surges on the low voltage network

Rise time

Cause

> 100 ps

Operation of current-limiting fuses (generally the amplitude will be up to
1 kV to 2 kV).

Energization of power factor correction capacitors (generally amplitude
up to two times nominal peak voltage).

Transference of switching transient overvoltages from MV to LV across
MV/LV transformers by electromagnetic coupling, amplitude up to 1 kV.

1 usto 100 us

Direct lightning stroke on the LV line conductors, amplitude up to 20
kV. Magnitudes depend mainly in insulation distances within the local
installations which may vary in a wide range. Highest magnitudes can
be expected normally at LV OHLs and the equipment connected.
Typical maximum magnitudes in household or office installations are
much smaller in the range of 2 kV peak voltage; see IEC 62066 for
detailed considerations.

Induction coupling of a lightning stroke in the vicinity of an LV line.
Generally the amplitude will not exceed 6 kV (can be up to 20 kV in
rare cases) with high energy levels.

Resistive coupling associated with the lightning currents flowing in the
common earths paths of a network, generally the amplitude will not
exceed 10 kV.

Transference of surges from MV to LV by capacitive transformer
coupling. Where the surge is due to a direct lightning stroke on the MV,
this in turn can lead to a rapid drop in voltage caused by the operation
of gap-type arresters to clear the fault. The amplitude of the
overvoltage on the LV network will generally not exceed 6 kV.

Operation of fuses can cause the generation of overvoltages with a
peak magnitude that is several times that of the nominal voltage,
typically not exceeding 2 kV, but in rare cases can be up to ten times
nominal. These overvoltages generally have a low energy content
attenuate quickly with distance.

Switching on low voltage networks can result in the generation of
overvoltage transients with durations between 1us and less than100
ps. Generally the overvoltages caused by switching will not exceed 4
kV.

<1ups

Local load switching of small inductive currents and short wiring
(amplitude generally up to 1 kV to 2 kV.

Fast transients due to switching in LV by air-gap switches (relays and
contractors) giving a succession of clearings and reignitions (burst of
surges, one surge: rise time of about 5 ns, duration of about 50 ns).
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Table 2. Surges on the medium voltage network

Rise time Cause

e These overvoltages are mainly caused by switching events such as

energisation of power factor compensating capacitors, fault application,
> 100 ps arcing around faults, transient overvoltages transferred from HV to MV
of the transformer by electromagnetic coupling. The amplitude of the
overvoltage is generally up to two to three times peak line to earth
voltage, with an oscillatory waveform and a frequency in the range from
a few hundred Hz to a few kHz.

e Circuit breaker operation, mainly vacuum or SF6 type circuit breakers
including effects such as re-ignition, virtual current chopping etc. The
amplitude of the overvoltage can be up to eight to ten times the peak
value of the nominal line to earth voltage, generally with an oscillatory

1 usto 100 us waveform.

e Induction from lightning strokes in the vicinity of MV lines and less
commonly from direct lightning strokes on MV lines.

¢ In both cases the amplitude of the overvoltage is often limited to the
level of overvoltage protection that has been installed at strategic
points on the network e.g. arc gap and surge arresters.

e Switching of gas insulated switchgear (GIS). The overvoltage is of
<1us relatively low energy content and therefore only radiates over short
distances, typically the overvoltage will not extend beyond the
switching substation.

Switching events such as energisation of power factor compensating capacitors, fault
application, arcing ground faults, transient overvoltages transferred from HV to MV of the
transformer by electromagnetic coupling. The amplitude of the overvoltage is generally up to
2 to 3 times peak line to earth voltage, with an oscillatory waveform and a frequency in the
range from a few hundred Hz to a few kHz.

8. Effects of overvoltages on equipment
8.1 General considerations

The relevant effects are those relating to EMC, i.e. the possible degradation of the
performance of equipment. As an EMC phenomenon, overvoltages are very difficult to cater
for completely because of the unpredictability of occurrence and wide variation in both
magnitude and duration. However it should be possible to provide a generic level of EMC
protection to cover typical values of overvoltage and also provide guidance for the extreme
cases where it is necessary to protect specific items of equipment from all probable values of
overvoltage.
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Overvoltages have become an important type of disturbance during the last decade. The wide
use of industrial equipment using electronic components has largely contributed to this
situation because their capability to withstand overvoltages is often lower than that of
conventional equipment. In addition, the use of shunt capacitor banks either on the network or
within industrial installations, or both, may give rise to interactions such as resonance that can
increase or amplify transients.

The effect of overvoltage on any particular item of equipment is dependent upon the
magnitude and duration of the overvoltage and the resilience of the equipment. The effect can
range from slight degradation of performance through to catastrophic failure. The following
paragraphs list some of the more common equipment and detail the effect that overvoltages
can have on their performance.

The level of immunity inherent within each item of equipment should be proportional to the
risk of being subject to an overvoltage, which in turn is related to the location within an
installation at which the item of equipment is to be connected, i.e. the insulation on equipment
should be co-ordinated with the expected level of overvoltage.

8.2  Reduction in life of filament lamps

The reduction in the life of a typical filament lamp when operating for sustained periods at a
voltage above nominal, assuming a typical usage pattern, can be approximated using the

following formula:
- ( 100 ‘PJ
V(p.u.)

LL  lamp life, expressed as a percentage of lamp life at rated voltage; and

where,

\ an empirical figure used in the lighting industry and generally accepted as being
between 12 and 14.

Using the exponents of 12 and 14, Table 3 below shows the lamp life for lamps operating at
voltages of 105 % and 110 % of rated voltage.

Table 3. Reduction of discharge lamp life with ballast controlgear

Voltage Lamp life
(as % of nominal) (%)
100 100
105 51 -56
110 26 - 32

Therefore, assuming a 230 V rated lamp has an average life of 1 000 h at nominal voltage, if
it is operated at 253 V (230 V + 10 %) the life of the lamp will be reduced to somewhere
between 260 h to 320 h.
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For discharge lamps the ballast (control gear) tends to act as a regulator. The effect on
discharge lamps, which, unlike incandescent lamps, are negative resistance devices, is really
a function for how well the ballast controls the lamp operating current when the line voltage
goes above the rated value. Typically systems are designed to operate fairly well over U, + 10
%, but somewhat shorter lamp life and ballast life can result nonetheless, although it would
not be nearly as severe as the incandescent case.

For transient overvoltages the impact varies depending on the class of product. Ballasts and
systems designed for the commercial and industrial environment, especially industrial, are
typically designed to withstand transient voltage excursions of several kV, sometimes as high
as 4 kV to 6 kV. Products designed for residential applications may range between 1.5 kV and
about 2.5 kV depending upon the manufacturer.

8.3  Effect of overvoltages on IT equipment

Figure 7 shows upper (and lower) limits of the input voltage to information technology
equipment, developed in year 2000 by Information Technology Information Council (ITIC),
and replacing the previous CBEMA curve. The developers present it as an input voltage
boundary of what typically can be tolerated (no interruption in function) by most information
technology equipment (ITE), but it is not intended as a design specification for either products
or the supply system. It is published together with an application note, both comprising a
single document and not to be considered separately from each other. The application note
states that it is applicable to 120 V nominal voltages on 60 Hz systems but that it is the
responsibility of the user to determine its applicability to other nominal voltages and
frequencies.
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Figure 7. ITIC curve

NOTE. Parts of the curve refer variously to r.m.s. and peak voltage values.
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Case studies

General

This sub-clause lists some actual cases where overvoltages have been measured on public
distribution networks. In each case the cause of the overvoltage is identified and where
available the text describes the effect of the overvoltage on adjacent equipment.

9.2

Switching of LV power factor correction capacitor

Figure 8 below shows the typical line-neutral voltage waveform seen at the terminals of an LV
load when a power factor correction (PFC) capacitor was switched on.

This waveform was captured by TNB Distribution Division. The printout from the measuring
instrument shows a positive impulse with a peak in the region of 330 V.

500

-400

LV CAPACITOR SWITCHING

e==\/olt-red neutral

====\/olt-yellow neutral
Volt-Blue neutral

Time

Figure 8. Voltage waveform distorted by the energisation of a PFC capacitor
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9.3 Metal fusion furnace

The disturbed network supplies a metal fusion furnace (purely resistive) and several presses
to inject liquid metal in casting matrices. The presses use induction motors.

Frequent maloperation of regulation devices (electronic cards) were reported. Dielectric
breakdowns were observed on heating parts, presses and other elements of the low voltage
network (nominal voltage: 230 V).

Measurements performed in the system using a transient recorder showed that there were no
phase to phase faults and no phase to neutral faults. However, frequent phase to ground
faults were recorded.

Voltage peaks were very short but they caused a displacement of the phase to ground
voltages, see Figure 9 below.

e —

/
! VUAV Il
v VIEA \!V\\/I

Horiz. 25 ms/div. Vert. 200 Vidiv.

—

I i
...—-..—--—-""'"
]

e ——— ]

<]
q
T
-‘-—-.
——”

Horiz. 25 ms/div. Vert. 100 Vidiv.

(a) (b)
Figure 9. Phase to ground overvoltage in case of a single (a) or multiple (b) faults

A detailed inspection of the machine showed the origin of the fault to be an induction motor
associated with the liquid metal injection press. During a specific phase of the machine's
operation, a sudden torque variation was applied to the motor, causing a vibration and, as a
consequence, an internal insulation problem.

Once the fault was located, transient current recordings were performed on this motor. These
recordings showed the occurrence of a second fault, as a consequence of a first fault
between phase 1 and the ground.

This can be analysed as follows:

a) the motor showed a temporary insulation fault on one of its phases. This fault appears
as a consequence of a very high torque;

b) consequently, there was a rise in the potential between the sound phases and the
ground, with a sometimes violent transient; and
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c) the phenomenon could evolve in a double fault which caused a short circuit.

Until the motor was refurbished, a temporary mitigation solution was implemented. It
consisted in inserting a 1 000 Q impedance between the transformer's neutral terminal and
the earth. The impedance had a damping effect on the transient overvoltages. Figure 10
below shows the equivalent circuit which can be seen as a resistance in parallel with the
resonant circuit formed by the transformer's inductance and the capacitance of the network.

1

0

Fault

Figure 10. Equivalent circuit
The equipment implemented was standard impedance designed for the earthing of industrial
networks. No specific calculation was needed.
9.4 DC traction system
9.4.1 Circumstances
The operation of a public transportation subway line was regularly interrupted during rush
hours. There were also cases of converter diodes being damaged. The simplified single line
diagram is shown in Figure 11. Each 12 kV feeder could supply 4 d.c. to 5 d.c. converters

stations spread along the subway line. Total cable length per 12 kV feeder was between 8 km
and 19 km.
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9.4.2

Incoming supply

’ 33/11 kV

Transformer
$ ac
........................... \.;I_._._.___._._._._._._._._.___._.-.‘ ol i
P 750 V DC
Rectifier
NO3 Transformer NO4

N05 X > No6

Running Rail

3" Rail 3" Rail

Figure 11. Typical single line diagram for DC traction

Causes

Two problems relating to overvoltage transients were identified during the investigation, as
follows:

a)

30

troubles coincided with a 120 kV upstream capacitor bank that was regularly switched-
in at peak hours in the morning and in the afternoon. The incidental overvoltages were
found not to be excessive (typical values between 1.2 p.u. and 1.5 p.u. with a frequency
component between 250 Hz and 600 Hz). Waveforms recorded on the 12 kV primary
side of the d.c. converter stations showed high frequency oscillations (between 1.5 kHz
and 2 kHz) being superimposed on the normal system voltage. The high frequency
oscillations were due to the travelling waves on the 12 kV cable network feeding the
different substations spread along the d.c. traction line. Although these overvoltages
were in general not high enough to explain the damages that occurred to the
converters, it explained the numerous nuisance tripping on the d.c. converters due to a
special protection.
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In order to quickly detect blown tires on a train, special protection relays on the d.c. side
monitor di/dt and trip the system at preset limits (in case of a blown tire, steel wires may
short circuit intermittently the d.c. traction circuits). The relay was more sensitive to the
lower frequency oscillations in the 500 Hz range; and

b)  further investigation at the 120 kV upstream substation also revealed that some of the
breakers used for switching the capacitor bank were prone to restriking. At a particular
occasion, the restriking was severe enough (above 2.1 p.u. which was the limit of the
measuring instrument) to damage some of the 120 kV cables and the electronics of the
d.c. converters (damaged diodes).

9.5 Load switching
9.5.1 Situation

A 20 kV transformer, supplied via about 25 m of cable and switched by a vacuum circuit
breaker (VCB) shows multiple re-ignitions (phase 1) and subsequent virtual current chopping
at phase 2. The overvoltage caused by virtual current chopping is limited by line-to-earth
surge arresters. The load during switching is about 20 A and is almost purely capacitive. The
voltage waveforms for this system are shown in Figure 12.

9.6.2 Solution

The existing line-to-earth surge arresters limited the L-E overvoltage, but in order to achieve
sufficient protection against line-to-line overvoltages, another set of surge arresters was
proposed to be installed between the phases. The installation of RC damping elements would
reduce the number of re-ignitions and so protect the transformer from resonance over-
voltages.
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Figure 12. 20 kV line to earth voltages during breaking transformer current
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10. Protection against the effects of overvoltages
10.1  General considerations

The standard approach to electromagnetic compatibility is to apply coordinated emission and
immunity limits. The attempt is made, on the one hand, to prevent electromagnetic
disturbance from being emitted at an excessive level and, on the other hand, to provide the
equipment exposed to disturbance with an adequate level of immunity to a level that enables
it to operate as intended, without undue degradation of its performance.

Because overvoltages on electricity supply networks arise very largely from either external
natural phenomena or the intrinsic properties of the network itself in its normal operation, the
scope for emission control is rather limited. Therefore EMC must be approached mainly
through the immunity of the equipment subjected to the overvoltages: it needs to be made
capable of functioning as intended despite the overvoltages, either by its own internal design
or by protective measures provided in the installation of which it forms a part.

A possible effect of overvoltage is damage to or destruction of equipment or its components.
However, EMC is concerned with maintaining the functioning of equipment, and that
automatically precludes damage in most cases. Economic considerations arise in determining
the level of overvoltage from which protection is attempted, both for EMC and damage
prevention.

On public electricity networks it is usual to protect the more significant components on the
basis of a balanced assessment of the risk and consequences of damage on the one hand
and the cost of overvoltage protection on the other. The purpose of this protection is to
preserve the functioning of the network, but it also has a moderating effect on some of the
overvoltages reaching the installations and equipment connected to the network. However
protective devices can also be a source of overvoltages by switching off inductive circuits.

In considering overvoltage protection, it is necessary to take account of the fact that the
electricity distribution network is not the only route by which overvoltages can reach the
installations and equipment connected to those networks. Lightning can strike the installations
directly, the ground nearby, and telecommunication, signalling and other facilities connected
to the installation or equipment. Moreover, overvoltages can occur through interactions at the
interfaces of those systems, due to a large change in one of the earthing reference potentials
during the flow of surge currents, and by inductive and capacitive coupling close to a lightning
path, due to the high electromagnetic fields caused by the lightning current.

10.2 Point on wave switching

For capacitor banks, reactors, transformers and long transmission lines, controlled switching
is a possible technique to minimise switching transients. Due to the requirement of
independent drives for the individual phases, main application can be found in HV systems.

The benefits of controlled switching depend very much on the accuracy of the control of the
breaker poles, the type of switching case, the system parameters and the circuit breaker
characteristics. A decision about the application of controlled switching and its effectiveness
can be made case wise only and requires detailed studies.
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As an example, a spark gap for 20 kV systems where the lightning impulse withstand level of
the apparatus is 125 kV may be chosen with an arching distance of 25 mm + 25 mm = 50 mm
in total. This leads to a protective level U, = 92 kV and a minimum withstand voltage of 38 kV.

10.3  Overvoltage protection relays

Overvoltage protection relays are sometimes used to protect critical items of plant against
long term fundamental frequency overvoltages. The typical response time of the relay is in the
range of several cycles up to several seconds. Typical applications in MV systems are, as
follows:

a) protection of transformers and generators against over-excitation; and

b) protection of switchgear, shunt reactors, capacitors and SVCs against fundamental
frequency overvoltages.

10.4 Snubbers

Electronic power converters are sensitive to overvoltages. These overvoltages can have an
internal or external origin. Overvoltages of an internal origin come from the operation of the
power switches of the converter itself. Overvoltages of an external origin are transmitted to
the converter by the supply network or by the load (when the converter is switched on or off,
in case of fault or any other disturbance). Overvoltages at the power electronic switches
terminals must be limited to avoid their destruction. Oversizing the switches to withstand a
higher voltage being very costly, most converters are equipped with snubbers (i.e. auxiliary
circuits enabling better commutation conditions by damping transients).

A snubber is a simple electrical circuit used to suppress overvoltages. Snubbers are
frequently used with an inductive load (such as a relay or electric motor) where the sudden
interruption of current flow lead to a sharp rise in voltage rise in voltage across the device
creating the interruption. This sharp rise in voltage might lead to a transient or permanent
failure of the controlling device.

10.4.1 RC snubbers

Frequently, a snubber consists of a resistor (R) in series with a capacitor (C). This
combination can be used to suppress the rapid rise in voltage across a thyristor, preventing
the erroneous turn-on of the thyristor; it does this by limiting the rate of rise in voltage (dV/dT)
across the thyristor to a value which will not trigger it. Snubbers are also often used to prevent
arcing across the contacts of relays. An appropriately designed RC snubber can be used with
either DC or AC loads.

10.4.2 Diode snubbers

When the current flowing is DC, a simple rectifier diode is often employed as another form of
snubber. The snubber diode is wired in parallel with an inductive load. The diode is installed
so that it does not conduct under normal conditions. When current to the inductive load is
rapidly interrupted, a large voltage spike would be produced in the reverse direction (as the
inductor attempts to keep current flowing in the circuit). This spike is known as an "inductive
kick".
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Placing the snubber diode in inverse parallel with the inductive load allows the current from
the inductor to flow through the diode rather than through the switching element, dissipating
the energy stored in the inductive load over the series resistance of the inductor and the
(usually much smaller) resistance of the diode (over-voltage protection).

One disadvantage of simple rectifier diode used as a snubber is that the diode allows current
to continue flowing. This may result in the relay remaining picked-up slightly longer; some
circuit designs must account for this delay in the dropping-out of the relay.

10.4.3 More-sophisticated solid-state shubbers

In some DC circuits, a varistor or two inverse-series zener diodes (collectively called a
transorb) may be used instead of the simple diode. Because these devices dissipate
significant power, the relay may drop-out faster than it would with a simple rectifier diode.

An advantage to using a transorb over just 1 diode however, is that it will protect against both
over and under voltage if connected to ground, forcing the voltage to stay between the
confines of the breakdown voltages of the zener diodes. Just 1 zener diode connected to
ground will only protect against positive transients.

In AC circuits, a rectifier diode cannot be used and one of the more complex (and
bidirectional) snubber designs may be used instead.

10.5 Uninterruptible power supply (UPS) systems

Uninterruptible power supply (UPS) systems can be an effective means of protecting sensitive
equipment against overvoltages provided that the UPS itself has been designed to cater for
overvoltages at its input terminals. “Double conversion UPS” UPS units are connected
between the ac network and the equipment or installation that is being protected.

As such the protected equipment is being supplied continuously from the UPS, therefore in
the event of a disturbance on the ac network the UPS acts as a buffer in preventing the
disturbance being seen by the protected equipment. In practice, UPS systems are used
mainly for low-power sensitive electronics, where they can provide protection against a whole
range of voltage disturbances such as overvoltages, outages and voltage dips. The energy
storage device used within the UPS can be either static (e.g. battery or capacitor) or rotary
e.g. flywheel.

10.6  Surge protection device (SPD)

The surge protection devices (SPDs) considered in this document are those installed
externally to the equipment to be protected. Under normal conditions, the SPD has no
significant influence on the operational characteristics of the systems to which it is applied.
Under abnormal conditions (occurrence of surge), the SPD responds to surges by lowering its
impedance and thus diverting surge current through it to limit the voltage to its protective
level.

Upon return to normal conditions, the SPD recovers to a high impedance value after the

surge and a possible power follow current. Detailed information on normal conditions and
requirements are provided in applicable SPD product standards of the MS IEC 61643.
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An SPD can fail or be destroyed when surges are larger than its designed maximum energy
and discharge current capability, therefore it is important that the SPD is rated for the highest
expected level of steady state overvoltage. Failure modes of SPD are divided roughly into
open circuit mode and short circuit mode. In open circuit mode the system to be protected is
no longer protected. In this case, failure of the SPD is usually difficult to detect because it has
almost no effect on the system.

To ensure replacement of the failed SPD before the next surge, an indicating device of the
SPD failure may be required. For a short circuit mode the system is severely affected by the
failed SPD. The short-circuit current flows through the failed SPD from the power source.
Thermal energy can be produced there and can result in a fire hazard before burning out and
opening the circuit.

In situations where the system to be protected has no suitable device to disconnect the failed
SPD from its circuit, a suitable, additional disconnecting device may be required for an SPD
with a short-circuit mode failure.

NOTE. The definition "short circuit mode" is used. If the 'short circuit' were in fact zero impedance, the situation would
be less difficult than what it is for typical voltage-limiting SPDs, where this so-called "short circuit mode" is a
substantial lowering, but not to zero, of the impedance. There may be sufficient residual resistance in the failed SPD
to limit the current to a value that might or might not cause operation of an overcurrent protective device. Even if the
overcurrent protective device does operate, its time response might be such that significant heat is generated in the
residual resistance of the failed SPD, all in a confined space, with the potential of high temperatures being produced.

10.6.1 SPDs for LV Applications

For the protection of low voltage equipment there are small surge protective devices (SPDs).
These SPDs are shunt-connected components that conduct when a threshold voltage is
exceeded.

They are relatively inexpensive and fast to operate. They may be found in plug-in mains
filtering devices, and are often included as part of a sensitive electronic device, such as a
personal computer.

Because all SPDs on a mains circuit are in parallel, the one with the lowest threshold voltage
will (within its performance capabilities) limit all transient overvoltages to its threshold voltage.

Where surge protective devices are fitted in an electricity user's installation they should be
selected taking account of the more severe energy content associated with switching
overvoltages. The design of the equipment should comply with the overvoltage category
defined according to its intended use. Further information is contained in IEC 60664-1.

In the low voltage (end-user) environment, SPDs serve to divert impinging surges by offering
a low-impedance path to return the surge current to its source. This function can be
accomplished in one or several stages, depending on the system configuration and the
degree of freedom available to the user in connecting SPDs at different points of the system.
Figure 13 shows the principle of a two-stage protection scheme. The first stage provides
diversion of impinging high-energy surges through the arrester, typically installed at the
service entrance, or by a device permanently connected at the service panel. The second
stage of voltage limiting is provided by an SPD of lesser surge-handling capability which is
typically located close to the equipment in need of protection as an add-on, plug in device or
incorporated within the equipment by the manufacturer.
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Figure 13. Two-stage surge protection scheme

SPD components can be classified as of two types: voltage-limiting devices and voltage
switching devices (also called "crowbars"). A voltage-switching (crowbar) device involves a
switching action as the voltage across the terminals rises. This switching can be either the
breakdown of a gas between electrodes or the turn-on of a solid-state device. After its turn-on
action, the device presents a low impedance to divert the transient current through some low-
impedance path back towards its source. A voltage-limiting device can be based on the
technology of avalanche diodes or varistors. Both avalanche diodes and varistors exhibit a
monotonic and nonlinear current-voltage characteristic, in contrast with the abrupt change of
impedance associated with voltage-switching devices.

10.6.2 SPDs for MV and HV Applications - fitted at source

At MV and HV-EHV, major apparatus whose insulation is non self-restoring are generally
protected by surge arresters whose protective levels are below the insulation levels, thus
allowing a safe protection margin. The level of protection afforded by MV SPDs is shown in
Table 4 below. See also IEC 60071-2.

Table 4. Protective levels for typical MV surge arresters
(effectively earthed neutral systems)

Maximum continuous
operating voltage (MCQV)
of the surge arrester

Typical protective levels for
reference test current waves
(maximum discharge voltage in kV
crest at indicated current)

(kV) Front-of-wave Impulse current Switching surge
(0.5us, 10k A) (8/20 ps, 10 k A) (36/90 ps, 0.5k A)
9.60 38.9 35.3 26.4
28.80 110.3 104.1 72.2

NOTE. The values are adopted from Tenaga Nasional Berhad.
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The typical construction of a MV surge arrester is a vertical stack of non-linear conducting
discs, silicon carbide being a typical material that is used. This stack of discs are housed in a
porcelain or polymeric tube. The MV surge arrester is fitted between line and earth. To avoid
a small current flowing to earth under normal operating conditions there are spark gaps
between the discs. The operation of the surge arrester is as follows: upon application of an
overvoltage of sufficient magnitude to break down the air gaps, a current path is established
from line to earth, the initial current level is related to the value of the overvoltage and the
surge impedance of the surge arrester and the power frequency follow-on current is limited by
the non-linear conducting discs. This follow-on current will be interrupted by the arc gaps at
the next current zero.

11. Conclusions

The most important conclusion to be drawn is that overvoltages of various kinds are a reality
in the electromagnetic environment associated with public low and medium voltage electricity
networks. Within that environment, they can occur at any place, at any time and at levels from
just above the nominal voltage to several multiples of that voltage. The duration of the
overvoltages can range from under a microsecond to several hours. The frequency of their
occurrence and the probability of their occurrence at any level are highly variable both from
place to place and from one year to another.

While general indications of value have been given in this report, it is not possible, particularly
in the case of transient overvoltages due to lightning, to state practical limits to the
overvoltages that can be impressed on unprotected installations and equipment connected to
the networks. Higher values than those indicated do occur, but it is generally true that higher
values occur with decreasing probability.

Overvoltages have been an intrinsic feature of public electricity supply since the earliest
times. However, in recent decades they have become an increasingly troublesome
disturbance, giving rise to inconvenience and even considerable economic loss. The reason
is that some modern electricity utilisation equipment, either in its own design or because of
control features incorporated in it, has become more sensitive to overvoltages. Another
modern development, resulting in increased sensitivity, is that electrical systems of other
kinds, used for telecommunication, signalling, control, etc., are often brought into closer
proximity to the power circuits within installations and within individual items of equipment,
many of which are of small dimensions.

There is therefore a need for an increased awareness of the phenomenon among the
suppliers and users of electricity and the manufacturers of equipment using electricity. It is
often necessary to take general precautions to protect against overvoltages, particularly in
areas known to have a high incidence of lightning. MS IEC 60364-4-44 provides information
on how to determine a lightning risk profile. For large installations with relatively heavy
electricity consumption, a risk assessment should be conducted, taking account of the
sensitivity of the equipment to overvoltages and balancing the cost of malfunction or damage
against the cost of installing mitigation and protection devices. More generally, equipment
immunity standards must be relied upon to ensure that equipment will operate satisfactorily
for all but the most severe overvoltages that can be expected at the terminals of the
equipment is the relevant immunity requirements are specified in individual product standards
or the standards listed under MS IEC 61000-6-1 and MS IEC 61000-6-2.
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Recommendations

These recommendations address the EMC requirements of equipment that is subject to the
overvoltages found on electricity distribution networks.

In the design and construction of equipment intended for installations that are connected to
electricity supply networks, and in the use of that equipment, due account should be taken of
overvoltages in their various forms and magnitudes, as described in the standard:

a)

b)

in so far as practical and economic considerations allow, the equipment should be
provided with the intrinsic capacity to withstand the overvoltages that can be expected;

information should be freely available on the limitations of the intrinsic capacity of the
equipment to withstand overvoltages, so that external protection or mitigation can be
considered in the light of all the practical and economic factors that apply;

there should be due regard for the fact that, in addition to the overvoltages that enter
the installation via the electricity supply network, further and often similar overvoltages
can originate within the installation itself or in other facilities connected to it;

there should be due regard for the insulation coordination principles that apply, whereby
the required overvoltage withstand capacity varies according to certain factors,
including location within an installation; and

in providing protection against a specific kind of overvoltage, care should be taken that
the protective device itself is capable of withstanding the other overvoltages that can
occur and other disturbances that can be found in the environment concerned.
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Annex A
(informative)

Additional information on the implementation
of surge protection scheme

NOTE. This additional information is to supplement the implementation of a two stage surge protection scheme as
proposed in Figure 13. The scheme is implemented and simulated using a circuit based calculation. The result would
hopefully help in applying this protection system in general.

A1. The setup

The arrangement of the arrester and suppressor resembles a simple scheme for a typical
domestic wiring is given in Figure A1. The arrester is meant to divert most of the energy from
the surge to ground, and at the same time relieving most of the stress applied to the
suppressor. In this case, the clamping voltage of the arrester and the suppressor is set at 2
kV and 250 V respectively. This is the high-low arrangement of clamping voltages. The wires
between the suppressor and arrester are modeled to represent a 3-wire and 15 m cables. A
surge of 1.2/50 ps, with peak of 6 kV is applied to the surge protection scheme. The voltage
at the load and currents flowing through the arrester and suppressor is recorded.

L2 R4
1 d 2 f'Ym_/\/\/\,
u1 17.5uH 0.1
c5 T
C1F R2

750p

0.1u
IC = 6k

C6
750p

GAIN = 300

Figure A1. The arrangement of the arrester and suppressor resembles
a simple scheme for a typical domestic wiring

A2. The result

It can be seen that the load experiences no excess stress from the energy of the incoming
surge. Further, a large portion of the current is directed to ground through the arrester, and
the rest through the suppressor. This implies that most of the energy flows through the
arrester, thus reducing much stress from the suppressor.
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A3. Discussion

It is clear how this protection scheme operates from the result. The load (or electrical
equipments) is thus protected. This arrangement on high-low clamping voltages is effective to
most surges. But it is shown how surges with long tails (more energy) leave a substantial
stress to the suppressor’’l. Thus it might not disregard the low-high clamping voltage
arrangement in solving unique cases. Further the connecting wires impose inductance to the
surge thus impede the higher frequency components of the surge. It is advisable to consider
additional lengths of the wires as long as regulations are adhered. Many literatures can be
referred to in applying this scheme'®, however the guide from IEC 60664-1 is adequate.

A4. Conclusion

The simulation has generally described the operation of the scheme. Some aspects of
applying the scheme have been discussed. Further with the aid of voltage, currents and
apparent power plots help visualize this concept. The arrester and suppressor protect the
equipment by diverting the excess and destructive energy from an incoming surge towards
ground. The arrester does more work in which it diverts most of the energy whilst the
suppressor can do the same on the remaining energy with less stress.

Usually the arrester is a high-clamping-voltage-device having high energy capability and the
suppressor is a low-clamping-voltage-device with low energy capability. It is up to the
protection engineer to best install this protection scheme to electrical system with knowledge
of the types of incoming surges expected.

Figure A2 shows some examples on the simulations.

Surge voltage injected Voltage experienced at load
6 300 -
> 4]
L4
21 > 1501
0 LJ L w
9 .Q ‘} ib “ 0 L} L] L] v L] L] L] L] T
ST 8 T T g

Time us

Time us

Figure A2. Examples on the simulations

y Martzloff. F.D., Coordination of Surge Protectors in Low-Voltage AC Power Circuits, IEEE Transactions on Power
Apparatus and Systems, Vol. PAS-99. No. 1 Jan/Feb 1980.

2 Martzloff. F.D., Coordinating Cascaded Surge Devices High-Low vs Low-High, IEEE Transactions on Power
Apparatus and Systems, PAS-99, Jan 1980.
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Currents diverted to ground

0.5
0.25 4

01

«a -0.25

Suppressor

Arrester

42

Time us

Apparent power diverted

Suppressor

W Arrester

Time us

Figure A2. Examples on the simulations (continued)
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