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INTERNATIONAL ELECTROTECHNICAL COMMISSION

ELECTROMAGNETIC COMPATIBILITY (EMC) -

Part 2-14: Environment — Overvoltages on public electricity
distribution networks

FOREWORD

he International Electrotechnical Commission (IEC) is a worldwide organization for standardization\compr
Il national electrotechnical committees (IEC National Committees). The object of IEC .is te pro
imternational co-operation on all questions concerning standardization in the electrical and electrenic field
this end and in addition to other activities, IEC publishes International Standards, Technicah Specificat
echnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as
ublication(s)”). Their preparation is entrusted to technical committees; any IEC National"\Committee interg
im the subject dealt with may participate in this preparatory work. International,\governmental and
overnmental organizations liaising with the IEC also participate in this preparationnJEC collaborates cl
ith the International Organization for Standardization (ISO) in accordance with *conditions determine]
greement between the two organizations.

he formal decisions or agreements of IEC on technical matters express, as nearly as possible, an internat]
onsensus of opinion on the relevant subjects since each technical committee has representation fro
terested IEC National Committees.

= 0

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

25 100 =

h order to promote international uniformity, IEC Natignal* Committees undertake to apply IEC Publica
ansparently to the maximum extent possible in their*national and regional publications. Any diverg
etween any IEC Publication and the corresponding.national or regional publication shall be clearly indicat
e latter.

(= o il

FC provides no marking procedure to indicate” its approval and cannot be rendered responsible for
quipment declared to be in conformity with-anIEC Publication.

Il users should ensure that they have thelatest edition of this publication.

|

&

A

No liability shall attach to IEC or its ‘directors, employees, servants or agents including individual experts
members of its technical committees-and IEC National Committees for any personal injury, property dama

dgther damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees)
gxpenses arising out of the| publication, use of, or reliance upon, this IEC Publication or any other
Hublications.

A
i

ttention is drawn to the-Normative references cited in this publication. Use of the referenced publicatio
indispensable for the ‘correct application of this publication.

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

Thel main task of IEC technical committees is to prepare International Standards. Howevg
technicat committee may propose the publication of a technical report when it has colle
data ef-a-different kind from that which is normally published as an International Standard
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IEC 61000-2-14, which is a technical report, has been prepared by subcommittee 77A: Low
frequency phenomena, of IEC technical committee 77: Electromagnetic compatibility.

The text of this technical report is based on the following documents:

Enquiry draft Report on voting
77A/540/DTR T7A/547/RVC

Full information on the voting for the approval of this technical report can be found in the
report on voting indicated in the above table.
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This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

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

* reconfirmed,

* withdrawn,

* replaced by a revised edition, or
+ amended.

A billingual version of this publication may be issued at a later date.
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INTRODUCTION

61000 is published in separate parts according to the following structure:

Part 1: General

General considerations (introduction, fundamental principles)

Definitions, terminology

Part 2: Environment

Par

Par

Par

Par

Par

Ead|
or a
as 9
nuni

Description of the environment
Classification of the environment
Compatibility levels

3: Limits
Emission limits

mmunity limits (in so far as they do not fall under the responsibility of the pro
committees)

4: Testing and measurement techniques

Measurement techniques
[esting techniques

5: Installation and mitigation guidelines

nstallation guidelines
Mitigation methods and devices

6: Generic standards
9: Miscellaneous

h part is further subdivided into several parts, published either as International Stand
s technical specifieations or technical reports, some of which have already been publi

ections. Others will be published with the part number followed by a dash and a seg
ber identifying\the subdivision (example: 61000-6-1).

Huct

rds
hed
ond
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1

ELECTROMAGNETIC COMPATIBILITY (EMC) -

Part 2-14: Environment — Overvoltages on public electricity
distribution networks

Scope

Thid
volt
and
nety
inst
and
field

part of IEC 61000 describes the electromagnetic environment with respect~i0
hges in excess of normal that are found on electricity supply networks operatifig-at
medium nominal voltages and that can be impressed on equipment connected/to th
vorks, without considering further effects (e.g. amplification or attenuatien) within
bllation. Since these overvoltages have the potential to hinder the functioning of elect
electronic equipment, they fall within the definition of electromagneticCdisturbance in

duration and energy content.

This
conm

The
incl

othe
eled
ove

Reg
equ
the

Technical Report describes the phenomena of overvoltages, it does not spe
patibility levels and does not directly specify emission and(immunity levels.

report describes the various phenomena and processes that cause overvolta
ding the transfer into the networks concerned of avervoltages that originate in or trave
r networks and installations, including higher voltage networks and the installation
tricity users. The effects of overvoltages on equipment are outlined. Some case studie
'voltage events are presented.

pment being hindered from operating\as intended by the effects of overvoltages. (It is
function of IEC publications to assign responsibility for mitigating measures to any of

parfies involved.)

The|
dist

purpose of this report-.is)'to ensure that this important category of electromagr
irbance is included in the*description of the environment in Part 2 of IEC 61000. For

purpose, only a brief description is provided of the various overvoltages and their causes

effe
Gui
tem
spe

NOT
poss|

cts. A much morevdetailed treatment can be found in IEC 62066. A UIE publicatig
e to quality ,of_electrical supply for industrial installations, Part VI: Transient
porary overvoltages and currents — has a similar content. Measurement methods
cified in IECY61000-4-30.

FE This Technical Report does not include detailed measurement results for overvoltages, therefore it i
ble to-provide an assessment of the probability of occurrence.

2

the
low
ose

an
ical
the

of EMC. Various categories of overvoltage are described, based on.pelative magnitlide,

cify

jes,
brse
5 of
s of

ommendations are made regarding the{general technical approach to mitigating the rigk of

not
the

etic
that
and
n —
and
are

b not

‘Normativereferences

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

IEC 60050-161, International Electrotechnical Vocabulary (IEV) — Chapter 161: Electro-
magnetic compatibility

3

Terms and definitions

For the purposes of this document, the terms and definitions contained in IEC 60050-161 as

well

as the following terms and definitions apply.
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k 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 an insulation under the effect of a strong electric field and/or by physico-
chemical deterioration of the insulating material

3.3

dire
ligh
etc.

3.4
dec
U

c

ct lightning stroke
ning striking a component of the network, e.g.: conductor, tower, substation equipm

jared supply voltage

normally the nominal voltage of the system. If by agreement between the electricity sup

and

the consumer a voltage different from the nominal voltageyis”applied to the su

terminals, then this voltage is the declared voltage

3.5
disH
pas

NOT
liqui

NOT
surfg

NOT]
diele

3.6

uptive discharge/flashover/sparkover
sage of an arc following dielectric breakdown

FE 1 The term “sparkover” (in French: “amorcage”) is used/when a disruptive discharge occurs in a gaseo
dielectric.

F 2 The term “flashover” (in French: “contournement”) is used when a disruptive discharge occurs ove|
ce of a solid dielectric surrounded by a gaseous of/iquid medium.

ent,

blier
pply

Us or

I the

FE 3 The term “puncture” (in French: “perforation”) is used when a disruptive discharge occurs through a [solid

ctric.

indirect lightning stroke

ligh
ove

3.7

ning stroke that does notstrike directly any part of the network but that induces
'voltage in that network

instilation coordination

sele
ove
taki
and

[IEV

ction of the dielectric strength of equipment in relation to the operating voltages
r'voltages which can appear on the system for which the equipment is intended to oper
ng into account the service environment and the characteristics of the available preven
protective devices

604-03-08, modified]

an

and
ate,
tion

NOTE

level

3.8
ligh

as defined in IEC 60071-1.

tning arrester

surge diverter

Isurge 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

In this instance, the term "dielectric strength of the equipment” means its rated or its standard insulation
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3.9
lightning impulse

voltage impulse of a specified shape applied during dielectric tests with a virtual front duration

of the order of 1 ys and a time to half value of the order of 50 us

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 a 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
Un
the foltage 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
corresponding declared voltage

3.13
per|unit (p.u.)
methodology used to simplify equations and the presentation of electrical parameters
expfessing them as a fraction of a reference parameter:

(Actual]
p.u. valug,= | ————
Base

whdre the Actual and Base values aretof the same quantity, e.g. voltage, current, impedd
etc.

NOTE Typically the Base value for voltage is the nominal voltage for fundamental frequency phenomena an
peald line to ground voltage for transients.

3.1

power frequency withstand voltage

r.mJs. value of sinusoidal power frequency voltage that the equipment can withstand du
testp made under specified conditions and for a specified time

3.1

rise time<(ofa pulse)

the lintetval of time between the instants at which the instantaneous value of a pulse
rea¢hes’a specific lower value and then a specific upper value

the

by

nce

il the

ring

first

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)
up to 10 min

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

and
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3.17

surge

transient voltage wave propagating along a line or a circuit and characterized by a rapid
increase followed by a slower decrease of the voltage

[IEV 161-8-11]

NOTE In some parts of the world the term “Impulse” is used to describe a short duration overvoltage
characterised by a very rapid change in magnitude with a duration less than 200 ps.

3.18

temporary overvottage
osclllatory overvoltage (at power frequency) at a given location, of relatively long duration|and
whi¢h is undamped or weakly damped

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

3.19
transient
perfaining to or designating a phenomenon or a quantity which“varies between |two
congecutive steady states during a time interval short when compared with the time-scale of
intefest

[IEV 161-02-01]

3.2

very short duration overvoltage (transient)
ovefvoltage with a duration from less than a microsecond to several periods at fundamgntal
frequency

NOTE The magnitude of a very short duration overyoltage is typically given as a peak value.

3.2

volfage impulse
tranjsient voltage wave applied to~a line or equipment, characterized by a rapid incregse,
follqwed generally by a slower non-oscillatory decrease of the voltage

3.2
front time
T
for @ 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 volijage
curye (points A'and B, Figure 1)

3.2

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.
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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 example: the switching of non-
linegr load, switch arcing, and fuse operation.

4.4| Overvoltage waveshape

A common method of representing the waveshape of a very short term overyoltage is shpwn
in Higure 1. The important values are the front time, T, and the time to half<value, T,.|For
example, typical values for a transient overvoltage caused by lightning arex¥,2 us for the front
timg and 50 us for the time to half-value (a 1,2/50 us waveform).

1,0
0,9

0,5

0,3

T t

T T4=1,67T
T T’=03T1=05T

T2

00,
IEC 2258/06

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 energizing 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.
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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.

5 Long duration overvoltages

The overvoltages presented in this clause are typically described as being of long durat
however it should be noted that there will be instances where for a particular event
overvoltage could last for less than 10 min.

The overvoltages presented in this section are 50/60 Hz overvoltages.

5.1 Sustained earth faults

In MV networks with isolated or high-impedance grounded neutral, this kind of \fault
prodiuce line to earth temporary overvoltages on the healthy phases. The overvoltage will
for the duration of the fault, this can be anything from parts of a second for conhventior
earfhed systems up to some hours for systems earthed via a tuned reactance’ (Petersen
earthing). Generally the magnitude of the overvoltage will not exceed twice\the nominal ph
to elarth voltage, i.e. V3 x U, where U can be up to 1,1 x Uy if the voltage“is at the maxin
of the acceptable MV range. The overvoltages last until the faulted “section of networ
disqonnected.

Earth faults on the MV network can result in temporary ‘\power frequency overvoltg
between live conductors and earth on the LV network. The dudration and magnitude of th
ovefvoltages will be dependent on the fault conditions~and the MV earth impedance
desfribed above.

The| majority of public LV distribution systems are operated with a solidly earthed (groung
neutral. Therefore when earth faults occur ondhe' MV network that raise the ground pote
in the vicinity of the LV network it is possible,for an overvoltage to exist between the ph
and| earth conductors of the LV network. The duration is limited by the time taken for the
protection and circuit breaker to clear the fault, typically no more than 5 s. The magnitud
the |lovervoltage will generally not exceed 1,5 kV r.m.s., however this is dependent upon
impgdance of the LV ground connéction and the magnitude of the MV earth fault curn
IEC|62066 contains a comprehensive description of this type of overvoltage.

5.2 Broken neutral on LV,network

For|a three-phase LVanetwork supplied from a star (wye) transformer winding or for a
phape network supplied from a transformer with a centre-tapped neutral at LV (someti

ion,
the

will
last
ally
coil
ase
hum
kK is

ges
ese
as

led)
htial
ase
MV
e of
the
ent.

referred to as a three-wire network), if the neutral becomes disconnected (e.g. broken dug to

a fault), single-phase loads beyond the break could experience an overvoltage up to thelli

volthge of theMietwork. The exact magnitude of the voltage will be dependent upon the rati
the impedance (loads) connected across each phase of the network — see Figure 2 be

Thig typ€ of overvoltage can persist for several hours or, in rare cases, days until the ne
has
This
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Transformer LV

winding
mmmTmmTTT T
—— ® Ly
1
1
1
— ? L2
1
1
1
- Ls
1
1
1
1
1
[]
1
1

H 7/ "

Broken
neutral

e Load A H Load B

IEC.\2259/06

Figure 2 — Broken neutral on LV netwotk

In the event of a broken neutral as shown in Figure 2 above), the voltage that appears acfoss
load A and load B is determined by the relative magnitudecofithese two loads, i.e.:

Voltage across load A (Up) =U_, (ZZ—AZJ and
A T4

Voltage across load B (Ug) = U, U

ko

Herlce, depending upon the values of Z,"and Zg it is possible for U, to vary between npear
zerg and full line voltage (U|_1|_2 ).

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

5.3| Maloperation of voltage regulating equipment

Malpperation of autematic voltage regulation systems can sometimes lead to long durgtion
ovefvoltages betwegen’1,1 and 1,2 p.u. at most. For instance, this could be due to a loss of
reglilator voltagerreference causing the tap changer to boost the voltage at its maximuni, or
inadequate line_drop compensation settings following unplanned load transfer on a reguldting
tranisformer( YAppropriate voltage regulator blocking relays can minimize risks of duch
situptionss

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 (typical in
North America). 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.
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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 utilization. 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.

14

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

Thel presence of distributed generation within the network can have the éffect of increaging
the |voltage level at the point of connection and therefore modifying the\voltage distribution
prormle. In Figure 3, the lower curve shows how the network voltage decreases with distgnce
fronmp source, while the upper curve shows how the voltage profile gan’be raised if distriblited
gengration (DG) is connected between the source and the réceiving end. This effeqdt is
exaterbated if generation export coincides with periods of low demand (load) on the netwdrk.

NOTE For the purposes of describing Figure 3, only the terms Uy andUgpg are introduced.

In the absence of distributed generation the voltage at the receiving end is Ug and as
mentioned previously, MV/LV transformers with offiload tap settings have been adjustefl to
comnpensate for the line voltage drop AV. If distributed generation is connected to the network,
the |receiving end voltage is raised to Ugrpgcand the LV will also rise. In the absence of
suitpble voltage regulation or overvoltage.protection it is possible that the distriblited
gengration 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 vpltage rise could be the limiting factor in determining the amount of distributed genergtion
that|{can be connected.

oltage A
Circuit without DG Circuit with DG
under full load
UrpG
Ur

Distance
Sending DG Receive
end end

IEC 2260/06

Figure 3 — The effect of distributed generation on network voltage
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6 Short duration overvoltages

6.1 Earth faults

As explained in section 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 term effectively earthed neutral applies to a system, or portion of the system, where the
ratig—efzere-sequence—reactance—to—positive-sequence—reactance—is—positive—androtgreater
than 3 and the ratio of zero-sequence resistance to positive-sequence reactance is pasftive
and|not greater than 1, as viewed from a considered location for any condition of operatior:

0= Xp/Xy=s3and0=sRy/Xy<s1
where

X4 ip the positive-sequence reactance;

Xy i the zero-sequence reactance;

R is the zero-sequence resistance.

For|effectively earthed neutral systems, the overvoltage ondhe healthy phases is limitefd to
lesq than 1,4 p.u.

Figyre 4 below illustrates the maximum line to neutral (L-N) overvoltage on healthy phaseg for
diffgrent values of the impedance factors Xy/X; and Ry/X; used for defining the effectiveress
of the neutral earthing

7 7
/ == 1,7 p.u.
6
—m— 1,6 p.u.
== 1,5p.u.
(@] 14pu
-— 1,25p.u.

Xo/X1

IEC 2261/06

Figure 4 — Line—neutral temporary overvoltage on healthy phase
for single phase line — earth fault
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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
faulls, it could be up to 6 %. Typically it can take up to three minutes before the tap chamger
can|stabilise the situation and bring the voltage back within limits.

Higher overvoltages are possible in the case of weak supply systems ,(high sodirce
impgdance) or isolated power plants where the dynamic response of machines adds to oyer-
volthges, and in particular when a relatively long line or cable is left~connected to|the
gengrator following load rejection at the receiving end. This condition can“even lead to|the
Ferfanti effect.

Thel Ferranti effect is a condition where the voltage at the receivifg. 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 dug 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, therefofre it
is more often a associated with HV and EHV networks,and rarely a problem for MV netwdrks.
The| Ferranti effect also poses a risk of resonance and ferroresonance when the long lines|are
terminated by unloaded transformer, leading to tfansformer saturation and an overvolfage
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 engure
that| such overvoltages will be of short duration.

6.3| Self-excitation

Selftexcitation can occur where theyload on a generator becomes capacitive or where a mptor
is Idft disconnected with capacitors in parallel.

In the case of synchronoussmachines, 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 frequgncy
while the capacitive reactance decreases. Therefore it is important to make sure that [self
excltation xdoes not occur, not only at nominal frequency, but also as a consequencg¢ of
frequency variations resulting from load rejection. When self-excitation is possible during
ove,epppd canditions it is impnrtnnt to _ensure that the gpnpmtnr is discaonnected qni kly

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
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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:

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

— system damping (e.g. resistive loads) must be relatively small.

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
resgnance 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.
Thig is a particular problem when switching a transformer that only has a capacitive lead le.g.
enefgizing capacitors or filters or a long section of cable.

6.4.2 Ferroresonance
6.4.2.1 General

Ferforesonance is a rare phenomenon compared to single line earth faults. It is associated
with the saturation of magnetic cores in conjunction with relativelysxsmall system capacitanges.
Steady-state oscillations occur under special low damping conditions only. The overvoltdges
that| result are not power frequency overvoltages, but are characterised by a heavy distoftion
due| to the presence of sub-harmonic and harmonic voltage components, generally from a
few|Hz up to 3 x fundamental frequency.

NOTE For a more detailed explanation of ferroresonance thé eader is directed to a report by Schneider Eleftric:
Cahigr technique n° 190 Ferroresonance (see the Bibliography).

A pprticular characteristic of ferroresonanceyjs that it is very dependent upon the poin{ on
wave that the network is energized andxthe magnetic condition of the inductor core, |this
allofws more than one possible voltagetand current condition to exist for 'the same' cifcuit
conpections. This can lead to confusion since the phenomenon is not easy to predict with
certpinty.

For|the ferroresonance to occipthere 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 rigk is
always greatest when.the transformer(s) are unloaded or very lightly loaded.

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

In pkactice two conditions are known to cause ferroresanance in MV netwarks 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 energized by the healthy phase, via an unearthed primary winding of a
MV/LV transformer under light load condition.

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-energized
phase-by-phase e.g. as during ‘live-line’ work on the MV network. Although voltage values are
potentially high (up to 5 x 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
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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
chapge in the network, for example fault application/clearing, switching operations,.'etc.

Thel maximum magnitude of the overvoltage is in the range 1,8 p.u. — 2,5 p.u.fwith a waveform
affected by sub-harmonic and/or harmonic distortion (from a few Hz toy'three times|the
fundamental frequency). Oscillations due to ferroresonance in balanced-3-phase systems|are
a zgro-sequence phenomenon only, i.e. they can be measured in line-to-ground voltages gnly.
Ling-to-line voltages are not affected.

7 [Very short duration overvoltages (transients)

71 General description

Very short duration overvoltages often referred tg)as “Transient overvoltages” present very
different characteristics to the more stable longer:duration overvoltages. It is common pragtice
to cJassify very short duration overvoltages in relation to amplitude and duration/frequency; in
addjtion the following characteristics can als@ be cited: surge main frequency, rate of vol{age
chaphge and energy content.

Several phenomena, including the .opération of switches and fuses and the occurrencg of
lighining strokes in proximity to.the supply networks, give rise to transient overvoltagep in
lowqvoltage power supply systems and in the installations connected to them. [The
ovefvoltages may be either astillatory or non-oscillatory, are usually highly damped, and Have
rise|times ranging from less.than 1 us to a few milliseconds.

Thel magnitude, duration, and energy-content of transient overvoltages vary with their or{gin.
Gerjerally, those of atmospheric origin have the higher amplitude, and those due to switching
are [longer in duration and usually contain the greater energy.

Trapsients\propagate differently depending on the rate of rise (steepness) of the overvol{age
waveform;* Steep front lightning surges generally do not propagate over long distarnces
becpuse of more losses at high frequencies and because of the corona effect associated with
thesetypes—ofoverveltages—Hghtringsurges—arereflected-ortransmitted-throughtheretwork
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.
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7.2 Lightning
7.21 General discussion on lightning

The magnitude of a lightning stroke is typically in the range 20 kA — 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.

NOTE The energy content of lightning strokes will vary with latitude. It has been recognized for more than sixty
years that atmospheric electric activity takes place with great concentration between the tropics of Cancer and
Capricorn. See IEC 62305.

Theye are two main mechanisms by which lightning causes overvoltages to appear in
eleqtrical networks.

— The lightning stroke causes a high current to flow through the conductors\(lines, earth,
uses, surge arresters etc.). The passage of this current through the impedance of|the
ines and components will lead to the generation of overvoltages across these
mpedances.

— ['he current flow from a lightning stroke generates an electromagnetic field that induces$ an
pvervoltage into adjacent equipment. This induction can cause-significant differencep of
botential between circuits and or earthed equipment.

Dug to the construction of HV and EHV lines, high metallicttowers with an overrunning eprth
wirg, these networks frequently suffer direct lightning strokes to the tower itself, but not to| the
phape conductors because the earth wires act as a shield to intercept a majority of the high
intenpsity 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
lighining strokes, however their phase conductors may be hit by direct lightning strgkes
unlgss they are also protected by overhead earth wires. In any configuration, the severify of
ovefvoltages due to lightning strokes increasgs with the value of earth resistances.

An pvervoltage applied on the primary’side of a transformer is transmitted to the secondary
sidg by capacitive coupling between-the windings and by inductive coupling. As far as public
distfibution MV/LV transformers are’ concerned, the overvoltage transmitted on the secondary
sidg is typically not higher thani40 % of the overvoltage on the primary side. However, ifl the
transformer is open circuit onthe LV side, the overvoltage could exceed 10 %.

Thel|following subclauses will describe four scenarios:

— (irect lightning(strokes:

— |ndirect orinduced strokes;

— bpack flashover;

— |ighthing 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 — surge arresters, arc gaps and/or diverters.
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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 50 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
indyced overvoltages.

7.2.4 Lightning back flashover

In this case the tower and /or earth wire suffer a direct lightning stroke\which producgs a
voltage between the tower and the phase conductor(s) (lines) in excess of the withsfand
rating of the line insulators. This type of breakdown mechanism is typical of high voltage l|nes
becpuse they are normally well protected against direct strokes tothe phase conductor(s)[and
theifr insulation can withstand induced lightning strokes. The transient overvoltage associated
with a “back flashover” will depend upon several factors, the main ones being the magnifude
of the incidental lightning stroke, the stiffness of the wavefront, the surge impedance off the
tower and earth wires, and tower footing resistance. A gountermeasure to reduce the risk of
back flashover is to reduce the tower footing resistance as much as possible, e.g. by uging
buried ground conductors, so-called “counterpoises?®;

7.2. Lightning strokes on structures connected to the electricity network

If lightning strikes a building or structureldirectly, then high values of overvoltage can be
impfessed on the electrical installationsvand equipment within the structure. Current division
and|various coupling effects can causeithe overvoltage to be transferred into the low volfage
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 ¢lectric power circuitywithin an installation or individual item of equipment, interactions at
an interface between_those systems can extend the overvoltage to a system other than fthat
initiglly affected. In-particular, the electricity network or a power circuit within equipment|can
be gubject to oyervoltage arising from:

— large change in one of the earthing reference potentials, due to the flow of lighthing
current;

— |nductive and capacitive coupling close to a lightning path, due to the high electromagrietic
ields 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 = % LI/2) of the circuit is
transferred to the capacitance (W = % CU?). In the dynamics of fault clearance the
capacitance across the circuit breaker (or fuse element) can become a major component of
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the overall capacitance of the circuit: as the gap widens the capacitance decreases, therefore
the reignition 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
2 x Inominal voltage, however for circuits containing a significant amount of capacitance, |this
figufe can rise to 3 x nominal voltage.

7.3.2 Routine switching

Routine switching on the distribution and transmission networks can generate overvoltgges
due| to the charging/discharging of components (capacitors and inducters). The magnifude
and| frequency of the overvoltage will depend upon the relative Values of the readgtive
comjponents (L and C), the ‘point on wave’ at which the active compohents are energized|i.e.
the [phase angle at which the supply voltage is switched on, the{Source impedance of|the
network.

Intefruption of line current at a point on the wave otherkthan at a natural current zero|will
resylt in the electromagnetic energy in the circuit being-rapidly converted into electros{atic
enefgy. For highly inductive circuits, switching currents at non-zero crossings can resujt in
transient overvoltages being propagated through the system.

7.38 Shunt capacitor and cable switching
7.38.1 General

Thig subclause will focus on the effects caused by switching discrete capacitors, however it
shopld be recognised that similar effects occur when switching sections of undergrqund
cables.

Shunt connected power faetor correction capacitor banks are installed at strategic locatlons
on p network in ordertto’produce the capacitive reactance necessary to compensate|the
reagtive power demands (caused by the inductive reactance of the network loads) and so
min|mise the flow of reactive power throughout the network.

In grder to acghieve 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 configurafion.
However-the switching operation produces transient overvoltages that are propagated across
the |valtage levels. It has been known for these overvoltages to cause disturbance or gven
dan age to sensitive pqnipmpn’r connected at lower utilisation \/nl’rngp levels

7.3.3.2 Energizing

Energization 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 energization 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 energization the system voltage instantaneously collapses at the
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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 single capacitor bank is energized.

This transient oscillation, whose frequency is typically between 200 Hz — 1 500 Hz, is super-
imposed onto the power frequency voltage waveform (be it 50 Hz or 60 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 attenuates 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 energizing a capacitor bank

When a second capacitar bank is switched on in parallel with an already energized capacijtor,
two|different transjent/oscillations arise. The first is due to the portion of energizing 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.
ess
ond
first
ncy

- = S < the
overvoltage are determlned by the CIrCUIt components C and C, in series W|th the mductance
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 switching a single capacitor bank
because the pre-charged adjacent capacitor bank supplies a large part of the inrush current.

In the absence of pre-striking, transient overvoltages due to the energization 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. IEC 60664-1 and IEC 62066 provide more details
on insulation co-ordination.
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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 Voltage magnification

Voltage magnification typically occurs when a capacitor bank (Cpy) forming a closed circuit
with the HV source inductance is energized while another capacitor bank is already connected
at a|lower voltage level (Cy;,_ y) forming a second closed circuit in series with the transformer
indyctance.

Volfage magnification is a maximum when the HV capacitor bank is much larger \than the| MV
or UV one (Cyy>>Cyy.Ly) Which is often the case, and when the natural frequencies of| the
two|closed circuits coincide (fy, = fyzy. y), the situation is further exacerbated when there is
too [little damping in the circuits. The MV or LV capacitor bank actually. behaves like aflow
impedance path to the overvoltage transient produced at HV and thusdraws a high current
whi¢h in turn amplifies the overvoltage transient at MV or LV; therefore the lower volfage
levgls may be subjected to severe overvoltages (>3 p.u.).

Volfage magnification can cascade across several voltage devels due to the interaction with
other type of equipment such as cables, filters, or even: capacitors on the d.c. side of an
adjystable speed drive (ASD). The resulting overvoltage’at MV or LV will be composed of
several frequencies due to this cascading effect, and\its amplitude will depend on the adtual
danmping of the load for each of the frequencies of intefest.

7.3.3.4 De-energizing capacitor banks

At the instant a mainly capacitive circuit ishinterrupted the capacitor will still be charged up to
a mpximum of the peak value of system-voltage (Vp), 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 Vp
whi¢h 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
oscfillatory voltage wave will bé& set up. This oscillatory overvoltage will be propagated thrqugh
the [network. Under certaifh circumstances such as in the case of capacitor banks witl an
uneprthed star point it is ‘possible for the maximum overvoltage to be increased beyond 3V,
possibly as high as 4V, for asynchronous opening of circuit breaker contacts, howgver
tranisient overvoltages/on the network will be limited by adjacent surge arresters. As a genleral
rule| restrike-free circuit breakers are essential for the switching of capacitor banks.

7.38.5 Travelling waves

The| suddéen voltage collapse at the first instant of energizing a capacitor bank creates a sfeep
frontedtravelling wave, which is propagated along the lines connected to the same busbaf as
the capacitor bank. Lines terminated by high surge impedance (e.g. tfransformers) 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).
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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. 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 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.
varigtors frequently used for the protection of LV elecironics. Figure 6 below shows]the
voltage waveform distorted by commutation notches.
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IEC 2253/06

Figure 6 — Notching caused by power electronics switching
IEC|61800-3 specifies™5 p.u. as the maximum peak overvoltage.

7.3.6 Switching of shunt reactors

Switching of shunt reactors generates transients both in energization and de-energization. In
de-¢nergization there are two sources of overvoltage: current chopping and reignitipns.
ChqgppingJovervoltages due to interrupting the inductive current before its natural zero depend
on fhe\.Characteristics of the circuit breaker (including arcing time), reactor size, and|the
presence of capacitance, buf are generally less than 1,5 p.u. Reignition 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 are generally required.

7.3.6 Switching of transformers

Energization 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
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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 energized can resonate with capacitive elements on the network,

gen

erating overvoltages of up to 2 p.u.

When a transformer is energized there is a very high rate of change of voltage (dv/df) 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 ys 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
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7.3.

Singe many of the overvoltages arising from switching @re caused by the fact that ci

bre

cycle, a possible strategy to reduce overvoltages is te~control the instant at which the cont

ings

nsient overvoltages due to disconnection of the transformer depend mainly onCthe
hg the instant of switching, the type of circuit breaker used and the system configurat
ching currents with high reactive component (power factor (pf) below 0,7, e.g."short ci
he secondary side or mainly reactive load) increases the probability of) high switc

jation measures are installed generally in case of frequent switching-under critical loa
ditions only. Switching mainly active currents generally creates overvoltages
beding 2 p.u.

7 Controlled switching of circuit breakers

ker contacts close or open at unfavourable points ‘of the alternating voltage or cur

oad
ion.
cuit
hing

'voltages. In this case, phenomena are similar to de-energization ©f Shunt reacfors.

ling
not
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cloge or part. In its most elementary form, this iS) done by means of an electronic control

module applied to a more or less standard circuitbreaker. In that case, however, the cont
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For

inde

he three phases operate more or less simultaneously. Also, many circuit breakers ex
siderable variation in the length of the intérval between the delivery of the operating si
the effective instant of contact movement.

full control it is necessary to design the circuit-breaker mechanism to permit close

acts
hibit
ynal

and

pendent 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 stre
(RDIDS). The control modulelperforms complex measurements of the many variables
inflyence the operating instant — for example, operating times tend to drift with age, numbsg

ngth
that
r of

opefations, ambient conditions, etc.
Thig method is moderate in cost and adaptative control techniques can ensure that the control
will lcontinue to function correctly in the long term. It has been applied mainly on transmisgion

networks, where it has been reasonably effective.
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Summary of surge duration and cause

Tables 1 and 2 summarize the causes of surges on low voltage networks and medium voltage
networks respectively.

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 — 2 kV).

Energization of power factor correction capacitors (generally amplitude up to 2 — 3 times nominal

voltage.

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

peak

s by

1 us

to 100 us

Direct lightning stroke on the LV line conductors, amplitude up to 20 kV. Magnitudes.depend mainly on

insulation distances within the local installations which may vary in a wide rangey Highest magni
can be expected normally at LV OHLs and the equipment connected. Typical-maximum magnitug
household or office installations are much smaller in the range of 2 kV (te3 kV peak voltage
IEC 62066 for detailed considerations.

Induction coupling of a lightning stroke in the vicinity of an LV linel\(Generally the amplitude w
exceed 6 kV (can be up to 20 kV in rare cases) with high energy levels.

Resistive coupling associated with lightning currents flowing-in the common earth paths of a nef
generally the amplitude will not exceed 10 kV.

Transference of surges from MV to LV by capacitive transformer coupling. Where the surge is du
direct lightning stroke on the MV, this in turn can leado ‘a rapid drop in voltage caused by the ope
of gap-type arresters to clear the fault. The afnplitude of the overvoltage on the LV networ]
generally not exceed 6 kV.

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

Switching on low voltage networks,can result in the generation of overvoltage transients with dura
between 1 us and < 100 us. Generally the overvoltages caused by switching will not exceed 4 kV.
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Local load switching of smallinductive currents and short wiring (amplitude generally up to 1 kV —

P kV.

Fast transients due to(switching in LV by air-gap switches (relays and contactors) giving a successsion

of clearings and reignitions (bursts of surges, one surge: rise time of about 5 ns, duration of
50 ns)

hbout
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Table 2 — Surges on the medium voltage network

Rise time Cause

> 100 ps e These overvoltages are mainly caused by switching events such as energization of power factor

compensating capacitors, fault application, arcing ground faults, transient overvoltages transferred
HV to MV of the transformer by electromagnetic coupling. The amplitude of the overvoltage is gen

few hundred Hz to a few kHz.

from
erally

up to 2 — 3 x peak line to earth voltage, with an oscillatory waveform and a frequency in the range from a

1 s
us

to 100 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 8 — 10 times the
value of the nominal line to earth voltage, generally with an oscillatory waveform.

peak

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

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

rokes

h that

<1y

s . Switching of gas insulated switchgear (GIS). The overvoltage is of relatively low energy conten
therefore only radiates over short distances, typically the overvoltage will not extend beyond the swit
substation.

and
ching
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Effects of overvoltages on equipment

General considerations

nis part of IEC 61000, the relevant effects are<those relating to EMC, i.e. the poss
fadation of the performance of equipment. AsCan EMC phenomenon, overvoltages
difficult to cater for completely because ofithe unpredictability of occurrence and
btion in both magnitude and duration. However it should be possible to provide a gen
| of EMC protection to cover typical values of overvoltage and also provide guidancs
extreme cases where it is necessary-to protect specific items of equipment fron

prolbable values of overvoltage.

Ove
use
situ
con
with
can

The)
mag
ran
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can

rvoltages have become an important type of disturbance during the last decade. The v
of industrial equipment using electronic components has largely contributed to

bentional equipment. In*addition, the use of shunt capacitor banks either on the networ
in industrial installations, or both, may give rise to interactions such as resonance
increase or amplifyrransients.

effect of sovervoltage on any particular item of equipment is dependent upon

nitude and duration of the overvoltage and the resilience of the equipment. The effect
e from.slight degradation of performance through to catastrophic failure. The folloy
graphs list some of the more common equipment and detail the effect that overvolta
haye on their performance.

ible
are
vide
eric
for
all

vide
this

btion because their capability to withstand overvoltages is often lower than that of

k or
that

the
can
ving
ges

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. The principles
requirements for insulation co-ordination are fully described in IEC 60664.

and
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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:
L = 100 .
Vipu.)

Lamp life, expressed as a percentage of lamp life at rated voltage

whegre
LL

Y F an empirical figure used in the lighting industry and generally accepted las beging
between 12 and 14.

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

Table 3 — Reduction of filament lamp life

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

Thefefore, assuming a 230 V rated lamp hasyan average life of 1 000 h at nominal voltagg, if
it is] operated at 253V (230 V + 10 %) the'life of the lamp will be reduced to somewhere
between 260 — 320 h.

For|discharge lamps the ballast (control gear) tends to act as a regulator. The effec{ on
disgharge lamps, which, unlike.incandescent lamps, are negative resistance devices, is rgally
a function for how well the bdllast controls the lamp operating current when the line volfage
goep above the rated value; Typically systems are designed to operate fairly well over U,
110|%, but somewhat shorter lamp life and ballast life can result nonetheless, although it
would not be nearly astsevere as the incandescent case.

For|transient ovérvoltages the impact varies depending on the class of product. Ballasts [and
sysiems designed for the commercial and industrial environment, especially industrial,|are
typitally desighed to withstand transient voltage excursions of several kV, sometimes as high
as 4 kV -6kV. Products designed for residential applications may range between 1,5 kV |[and
about 2,5 kV depending upon the manufacturer. IEC 61547 gives minimum immunity| for
lighting“equipment, however in the US these requirements are generally not seen as adequate
hence more conservative requirements are often employed.

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 1996 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.

NOTE Parts of the curve refer variously to r.m.s. and peak voltage values.
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ITI (CBEMA) curve (revised 1996)
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gure 7 — ITI (CBEMA) curve for equipment connected to 120 V 60 Hz systems

F  The ITI (CBEMA) Curve Application Note, 1997, Information Technology Industry Council can be fou
bllowing web address: www.itic.org/archives/iticurv.pdf.;Last checked 10 March 2006.

Case studies

General
section lists some actual cases where overvoltages have been measured on pu

lable the text describes:.the effect of the overvoltage on adjacent equipment and
bns taken to remedy the_situation.

Switching of EV-power factor correction capacitor

re 8 belowtshows the line—neutral voltage waveform seen at the terminals of
oad whensa power factor correction (PFC) capacitor was switched on within an adja
hllation.(This waveform was captured by the local distribution network operator (D
n they-were called in to investigate why the contactor within a switch panel was failin
h correctly. The printout from the measuring instrument shows a negative impulse of 36

100 000
IEC 2264/06

nd at

blic

fibution networks. In each.icase the cause of the overvoltage is identified and where

the

an
cent
NO)
g to
6V
tive

wed by a positive impulse with a peak in the region of 420 V. However as the negd

impulse occurred first it was this that triggered and was recorded by the instrument. The
problem was solved by replacing the contactor with a unit to a higher specification. This was
seen as the most pragmatic and cost effective method of resolving the problem, as the
alternative would have been to install a sophisticated control system to manage the switching
of the PFC capacitor to ensure that the switching takes place at a voltage zero.
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Figure 8 — Voltage waveform distorted by the.energization of a PFC capacitor

9.3 Metal fusion furnace

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

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

Megsurements performed i the system using a transient recorder showed that there werg no
phage to phase faults and™ho phase to neutral faults. However, frequent phase to grqund
faulfs were recorded.

Volfage peaks were very short but they caused a displacement of the phase to grgund
volthges, see Figure 9 below.
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Figure 9 — Phase to ground overvoltage in case of a single (a) or multiple (b) faults
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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.

— ['he motor showed a temporary insulation fault on one of its phases. This fault app€gar$ as
b consequence of a very high torque.

— [onsequently, there was a rise in the potential between the sound phases and.thé€ grolind,
vith a sometimes violent transient.

— The phenomenon could evolve in a double fault which caused a short circuit.

Unt{l the motor was refurbished, a temporary mitigation solution) was implemented.
It cgnsisted in inserting a 1 000 Q impedance between the transformers’s neutral terminal fand
the |earth. The impedance had a damping effect on the transiept-overvoltages. Figurq 10
belgw shows the equivalent circuit which can be seen as a resistance in parallel with|the
resgnant circuit formed by the transformer’s inductance and the_¢capacitance of the network.

Ly

L3

Fault

IEC 2268/06

Figure 10 — Equivalent circuit

The equipment implemented was a standard impedance designed for the earthing of industrial
networks. No specific calculation was needed.

9.4 Switching of MV power factor correction capacitor
9.4.1 Circumstances

Following the installation of power factor correction capacitors in a PVC moulding plant, a
number of operations of the main LV circuit breaker occurred. Although the disturbances were
very short, the plant suffered very long restoration times due to the nature of the process. The
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installation is supplied from the 25 kV network through a step down transformer (25,0/0,6 kV)
as shown in the single line diagram in Figure 11 below.
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120 kv [ 120 KV @D A\

9.4.
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Figure 11 — Extruder connection — single line'diagram

2 Causes

he 120 kV capacitor bank at the substation {Upstream. Investigation revealed that

0,6|kV
—— |

$ MVA

L

EC 2269/06

bs identified that the main LV circuit breaker tripped at the same time as the switching-in

the

ral frequency of the 120 kV capacitor bank (fiear the 8th harmonic) was very close to| the
nant frequency of the plant capacitor banks“for certain configurations. Also, the mair| LV

breaker had an instantaneous current relay. @ick-up set as low as 2 p.u. Oscillograms off the
curnent waveforms revealed that transient*currents in the order of 3 kA were present at L

the

nstant of the 120 kV capacitor switching — see the waveforms in Figure 12 below.
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Figure 12 — Current waveforms (phases A and C) taken at the main LV circuit breaker

9.4.

3 Solution

The first solution was to change the protection settings on the main LV circuit breaker for a
higher value while still maintaining coordination. It was also recommended to detune the LV
capacitor banks in order to minimize risks of transient amplification.

9.5
9.5.

DC traction system

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
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diagram is shown in Figure 13 below. Each 12 kV feeder could supply 4 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.

O 4_‘ 12 kV

12 kV cables
120 kV cables 120 kv

9.5.

Twd

20KV v T N vV 2
D w g
L > Other loads

—D—H 3 cap. banks - —
—> 34 4ther
> dhc. traction E
loads
DC trf

Figure 13 — Single line diagram of public transpotrtation system

] Causes
problems relating to overvoltage transients were identified during the investigation.

[roubles coincided with a 120 kV upstream capacitor bank that was regularly switche
bt peak hours in the morning and in the afterneon. The incidental overvoltages were fo
not to be excessive (typical values between 1,2 p.u. and 1,5 p.u. with a freque
component between 250 Hz and 600 Hz.YJWaveforms recorded on the 12 kV primary
bf the d.c. converter stations showed“high frequency oscillations (between 1,5 kHz
P kHz) being superimposed on the normal system voltage. The high frequency oscillat

substations spread along the~d.c. traction line. Although these overvoltages wers
jeneral not high enough to ‘explain the damages that occurred to the converter
bxplained the numerous.(uisance tripping on the d.c. converters due to a spe
brotection. Indeed in arder to quickly detect blown tires on a train, special proteg
elays on the d.c. side monitor di/dt and trip the system at preset limits (in case of a bl
ire, steel wires may short circuit intermittently the d.c. traction circuits). The relay
more sensitive to.the lower frequency oscillations in the 500 Hz range.

Further investigation at the 120 kV upstream substation also revealed that some of
breakers ydsed for switching the capacitor bank were prone to restriking. At a partic
bccasian, )the restriking was severe enough (above 2,1 p.u. which was the limit of
measdlring instrument) to damage some of the 120 kV cables and the electronics of
H.¢’,converters (damaged diodes).
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Figure 14 below shows the signal seen by the di/dt relays and the three voltage waveforms
identified X;, X, and X3 measured at the d.c. converters with the superimposed transient
oscillations apparent mainly on phase X3 at the time of switching the 120 kV capacitor bank.


https://iecnorm.com/api/?name=f38a6996d590c66e78180ceb64688226

- 34 - TR 61000-2-14 © IEC:2006(E)

breaker (VCB) shows multiple re-ignitions (phase 1) and subsequent virtual current chop
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Figure 14 — Voltage waveforms associated with overvoltages
on public transportation system
9.5.3 Solutions
The| faulty capacitor circuit breakers had to be replaced by restrike free circuit breaklers.
Controlled switching devices. were also implemented with the new circuit breakers in ordgr to
min|mize the incidental transients due to capacitor switching.
NOTE A full description of\this case can be found in paper No. 305 presented to the Joint CIGRE-|EEE
Symposium on Quality andsSecurity of Electric Power Delivery Systems in Montreal in October 2003.
9.6 | Load switching
9.6.(1 Situation
A 20 kV~transformer, supplied via about 25 m of cable and switched by a vacuum cifcuit

hing

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 15 below.

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.


https://iecnorm.com/api/?name=f38a6996d590c66e78180ceb64688226
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