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INTERNATIONAL ELECTROTECHNICAL COMMISSION

SURGE OVERVOLTAGES AND SURGE PROTECTION
IN LOW-VOLTAGE AC POWER SYSTEMS -
GENERAL BASIC INFORMATION

FOREWORD

1) The |EC (International Electrotechnical Commission) is a worldwide organization for standardization ¢o
all nptional electrotechnical committees (IEC National Committees). The object of the IECis_1o0
interpational co-operation on all questions concerning standardization in the electrical and electronic f|

this

entrysted to technical committees; any IEC National Committee interested in the subject dealt

parti
with

Orgaization for Standardization (ISO) in accordance with conditions determined by’ agreement bet

two ¢

2) The [formal decisions or agreements of the IEC on technical matters express, as nearly as pos
interpational consensus of opinion on the relevant subjects since each teghnical committee has repreg

from

3) The glocuments produced have the form of recommendations for international use and are published in
of sfandards, technical specifications, technical reports or guidés and they are accepted by the
Compnittees in that sense.

4) In onder to promote international unification, IEC National.Committees undertake to apply IEC Inte
Stanflards transparently to the maximum extent possible.in their national and regional standa
divergence between the IEC Standard and the corresponding national or regional standard shall b
indicpted in the latter.

5) The
equifg

6) Atter]
pate

The main task of IEC technical. eommittees is to prepare International Standards. Hg

a techr
data o

IEC 67
Electriq

The te

nd and in addition to other activities, the IEC publishes International Standards. Their/prepal

ipate in this preparatory work. International, governmental and non-governmental “organizationg

rganizations.

all interested National Committees.

EC provides no marking procedure to indicatenits approval and cannot be rendered responsiblg
ment declared to be in conformity with one of'its standards.

tion is drawn to the possibility that sonlevof the elements of this technical report may be the s
t rights. The IEC shall not be held responsible for identifying any or all such patent rights.

ical committee may propose the publication of a technical report when it has cg

066, which js“a technical report, has been prepared by Technical Committ
al installations and protection against electric shock.

t of thisstechnical report is based on the following documents:

mprising

promote
elds. To
ration is
ith may
liaising

the IEC also participate in this preparation. The IEC collaborates closely | with the Intefnational

een the

ible, an
entation

the form
National

rnational
ds. Any
e clearly

for any

ibject of

wever,
llected

a different kind from that which is normally published as an International Standard,
for example “state of the art®.

ee 64:

Enquiry draft Report on voting

64/1125/CDV 64/1163/RVC

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

This publication has been drafted in accordance with the ISO/IEC Directives, Part 3.
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The committee has decided that the contents of this publication will remain unchanged until 2006.
At this date, the publication will be

* reconfirmed;

* withdrawn;

» replaced by a revised edition, or
+ amended.

This document, which is purely informative, is not to be regarded as an International
Standard.

A blllnc Hal vaorciaon ~Af thic Ao~ imant ooy, ha tcoind At o Iatar Aot
oo vV e oo Ot o G OO e o y o oo C oot o ate T OoteT
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SURGE OVERVOLTAGES AND SURGE PROTECTION
IN LOW-VOLTAGE AC POWER SYSTEMS -
GENERAL BASIC INFORMATION

1 Scope

IEC 62066 is a technical report that presents a general overview on the different k
surge overvoltages that can occur on low-voltage installations. Typical surge magnitu

inds of
de and

Additignally, general guidelines are given concerning surge protection means and syst
the bagis of availability and risk considerations, including interactiofisand the ne
coordination and consideration of temporary overvoltages in the seleCtion of surge-prg
devices.

2 Rdference documents

IEC 60364-4-44:2001, Electrical installations of buildings — Part 4-44: Protection for
Protection against voltage disturbances and electromagnetic disturbances

IEC 60[364-5-53:2001, Electrical installations of .buildings — Part 5-53: Selection and &
of elecfrical equipment — Isolation, switching and-control

IEC 60664-1:1992, Insulation coordination>for equipment within low-voltage systems —

Section 5: Classification of electromagnetic environments. Basic EMC publication

IEC 61000-4-1:2000, Electromagnetic compatibility (EMC) — Part 4: Testing and measuy
techniques — Overview.of/IEC 61000-4 series

IEC 61000-4-4:1995; Electromagnetic compatibility (EMC) — Part 4: Testing and measuy
techniques — Section 4: Electrical fast transient/burst immunity test. Basic EMC publica

IEC 61000:4-5:1995, Electromagnetic compatibility (EMC) — Part 4: Testing and measuy
techniqués = Section 5: Surge immunity test

bltages
s also

EMms on
ed for
tective

afety —

rection

Part 1:

nhent —
rement
rement
ion

rement

Amendment 1 (‘7000)

IEC/TR 61000-5-2:1997, Electromagnetic compatibility (EMC) — Part 5: Installation and

mitigation guidelines — Section 2: Earthing and cabling

IEC 61024-1:1990, Protection of structures against lightning — Part 1: General principles

IEC 61024-1-1:1993, Protection of structures against lightning — Part 1. General principles —

Section 1: Guide A — Selection of protection levels for lightning protection systems

IEC 61312-1:1995, Protection against lightning electromagnetic impulse — Part 1: General

principles
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IEC/TS 61312-3:2000, Protection against lightning electromagnetic impulse — Part 3:
Requirements of surge protective devices (SPDs)

IEC 61643-1:1998, Surge protective devices connected to low-voltage power distribution
systems — Part 1: Performance requirements and testing methods

IEC 61643-12:2002, Low-voltage surge protective devices — Part 12: Surge protective devices
connected to low-voltage power distribution systems — Selection and application principles

IEC 61662:1995, Assessment of the risk of damage due to lightning
Amendment 1 (1996)

Part2—tires USing

|EC 6 aXal n. 0004 L oladal £ F T ol H F L
VUV L. cUUT, LIYyrnnmmmTy  PIrutcuotiurt roreoovurrimmmurineativiiro T o

metalli¢ conductors

dar

ITU-T K.20, Resistibility of telecommunication equipment installed in a telecommunitations
centre [fo overvoltages and overcurrents

ITU-T K.21, Resistibility of telecommunication equipment installed in customers' premjises to
overvoltages and overcurrents

IEEE 1036:1992, Guide for application of shunt power capacitors

NOTE Pther documents are listed in the bibliography, which includes documents that were used in develgping the
present feport, documents cited in support of a recommendation, and dogcuments suggested as further readding for
informat{on.

3 Ddfinitions

For thg purposes of this technical report, the #&rms and definitions given in other rglevant
IEC puplications (see clause 2) apply, as well‘as the definitions listed below.

3.1
combination wave
wavefdrm delivered by a generator that applies a 1,2/50 voltage impulse across ap open
circuit fand an 8/20 current impulse into a short circuit. The voltage, current amplitude and
wavefdrms that are delivered to’the SPD are determined by the generator and the impgdance
of the $PD to which the surge is applied. The ratio of peak open-circuit voltage to peal short-
circuit current is 2 Q; this“is defined as the fictive impedance Z;. The short-circuit cufrent is
symbolized by I5.. The_open-circuit voltage is symbolized by Ug.

NOTE For the purposes of this technical report, the combination wave delivered by a surge gengrator in
accordafce with definition 3.24 of IEC 61643-1 may be applied to equipment other than an SPD.

3.2
combined multi-port SPD
surge-protective device imtegrating im—a singte package the means for providing surge
protection at two or more ports of an equipment connected to different systems, such as a
power system and a communications system

NOTE In addition to providing surge protection for each port, the device may also provide means to avoid shifting
of the reference potentials between the equipment ports.

3.3

coordination of SPDs (cascade)

selection of characteristics for two or more SPDs to be connected across the same
conductors of a system but separated by some decoupling impedance such that, given the
parameters of the impedance and of the impinging surge, this selection will ensure that
the energy deposited in each of the SPDs is commensurate with its rating
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3.4
direct stroke
stroke impacting the structure of interest

3.5

equipotential bonding

provision of electric connections between conductive parts, intended to achieve equi-
potentiality

NOTE In typical installations, the equipotential bonding is provided for safety at the power frequency. At surge
current frequencies, the length of the bonding conductors inescapably introduces some difference in potentials.

3.6
facility
physical entity (for example, a hospital, factory, machinery, etc.) that is built{)consfructed,
installgd or established to perform some particular function or to serve or(facilitatg some
particular end

3.7
lightning flash to earth
electrigal discharge of atmospheric origin between cloud and earth)consisting of one qr more
strokes

NOTE For the purpose of this technical report, flash to earth can be understood not only as the earth (soil) but
also as 4 flash to a structure, a power system, etc., as opposed to a cloud-to-cloud event.

3.8
lightning protection system (LPS)
compldgte system used to protect a space against'the effects of lightning. It consists pf both
externgl and internal lightning protection systems

NOTE |n particular cases, an LPS may consist of aniexternal LPS or an internal LPS only.

3.9
near flash
flash sfriking in the vicinity of the structure of interest

3.10
point 9f strike
point where a lightning stroke contacts the earth, a structure, or an LPS

3.1
prospective overvoltage
theorefical overvoltage that would appear on the conductors of a power supply system pr user
installgtion before flashover of basic insulation or operation of voltage-limiting devices

3.12

SPD disconnector

internal or external device required for disconnecting an SPD from the system in the event of
SPD failure. It is intended to prevent a persistent fault on the system and may give visible
indication of the SPD failure

3.13

steepness factor

ratio for a current impulse, of the front-of wave slope defined for the interval between 10 %
and 90 % of the crest value, to the slope defined for the interval between 10 % and 30 % of
the crest value
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(lightning)

single electrical discharge in a lightning flash to earth

3.15

surge overvoltage
temporary or transient voltage occurring in the system, resulting from a surge current due to
an atmospheric discharge, an induction phenomenon, switching, or a fault in the system itself

3.16

surge protective device (SPD)

device

ains at

least o

3.17
surge
device
to the
shared
NOTE

suitable
during tH

3.18
tempo

oscillafory overvoltage at power frequency at a givenocation, of relatively long durati

which i

NOTE
rejection

3.19

operati
dissip
temper

4 OV

Overvd
may b
voltage
the thir
interac

therm} runaway

that is intended to limit tfransient overvoltages and divert surge currents |t con
he non-linear component

reference equalizer

used for connecting equipment to external systems whereby all conductors con
brotected load are routed, physically and electrically, through a single enclosure
reference point between the input and output ports of each system

Bharing the reference point may be accomplished within the device either by a direct bond or t
device, such as an SPD which maintains isolation during normal conditions but provides an effect
e occurrence of a surge in one or both systems.

rary overvoltage (TOV)
s undamped or weakly damped

femporary overvoltages usually originate from switching operations or faults (for example, sud
, single-phase faults) and/or from non-linearities'(ferro-resonance effects, harmonics).

ion of the housing and-;connections, leading to a cumulative increase
ature of the internal elements culminating in failure

ervoltages in low-voltage systems

nected
with a

rough a
ve bond

on and

len load

nal condition when the sustained power loss of an SPD exceeds the thermal

in the

Iltages in lowsvoltage systems result from several types of events or mechanis

that thi

5 fourth category is also relevant to the subject of this technical report.

s and

b classified-in four categories. The scope of this technical report is limited o low-
a.c. power systems, focussing on the first two categories but also giving guidelines for
d catégory shown below. A significant fourth category of overvoltages can occlr from
fions-of the a.c. power system with other systems, such as communications sysfem, so

a) Lightning overvoltages

Lightning overvoltages are the result of a direct flash to or near the power system,
structures (with or without lightning protection system) or to the soil. Distant lightning
flashes can also induce overvoltages in the circuits of an installation. These overvoltages

are

the subject of clause 5, where the various coupling mechanisms are described.
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b) Switching overvoltages

Switching overvoltages are the result of intentional actions on the power system, such as
load, inductor or capacitor switching in the transmission or distribution systems by the
utility, or in the low-voltage system by end-user operations. They can also be the result of
unintentional events such as power system faults and their elimination. Both are the
subject of clause 6.

c) Temporary overvoltages

Temporary overvoltages occur in power systems, as the result of a wide range of system
conditions, both normal operation and abnormal conditions. Both are the subject of
clause 7. Their occurrence is relevant to the selection of suitable surge-protective devices.

d) Syefnm interaction overvaoliages

Ovlrvoltages can occur between different systems, such as power and communigations,
durjng the flow of surge currents in one of the systems. These are brieflydescrjbed in
clayise 8.

Clauses 5, 6, 7, and 8 referenced above present an overview of these\.overvoltages and
caused, without discussion of consequences, need for mitigation, or{risk analysis.| These
related|topics are discussed in subsequent clauses.

5 L

ghtning overvoltages

5.1 Seneral

Lightning is a natural and unavoidable event which affects low-voltage systems [(power
systemls as well as signal/communication systems) through several mechanisms. The gbvious
interaction is a flash to the power system, but gther coupling mechanisms can also produce
overvoltages (see figure 1). To better understand the diversity of mechanisms, this sulyclause
first presents a summary of the basic parameters of a lightning stroke between a cloud and
any oHject at the ground level. Figure 2,gives examples of lightning flashes to a [typical
complgx electrical system.

Direct flash Near flash Far flash

Line-propagation surge Line-induced surge Line-induced surge /

Earth coupling and
induced surge

Surge from direct
flash on building

Induced surge /

IEC 1636/02

Figure 1 — Examples of lightning flash coupling mechanisms
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The significant lightning parameters include waveforms, amplitudes, and frequency of
occurrence. The concepts of near flash and far flash involve several attributes and associated
effects as shown in table 1. The literature contains data obtained by measurements as well as
data produced by computations. Three types of coupling mechanisms are reviewed that can
produce overvoltages in low-voltage systems. While this discussion makes reference to
overvoltages, consideration of the current associated with the overvoltage, or the current
initially causing the overvoltage is an important aspect of the subject. In the case of a direct
flash to the electrical system, the immediate effect is the flow of lightning current through the
earthing impedances, resulting in overvoltages. The effective impedance of the lightning
channel is high (a few thousand ohms). Accordingly, the lightning current can practically be
considered as an ideal current source. In the case of a near flash, the immediate effect is the
voltage induced in circuit loops, or resistive coupling, which in turn can produce surge

currenfs. In the case of a far flash, the surges are limited to induced voltages. Therefdre, the
response of an electrical system to the lightning event is an important considergtion in
assessfing the possible surge currents and overvoltages.
For a diven flash, the severity of the overvoltage appearing at the end-user(facility refldcts the
characferistics of the coupling path such as distance and nature of the.system betwgen the
point gf flash and the end-user facility, earthing practices and earth connection impgdance,
presence of surge-protective devices (SPDs) along the path, and* branching out |of the
distribytion system. All of these factors vary over a wide range)according to the @general
practice of the utility as well as local configurations.
Table 1 — Attributes and effects of lightning flashes

Attributes Direct stroke Near stroke Far stroke
Impact } Mechanical Structure
Impact | Thermal Structure and circuits
Energy Service entrance SPDs Service entrance SPDs Installation SPDs

(high stress) (low stress) (low stress)

Rate of|current change Adjacent circuits Nearby circuits Large-loop circuits
Earth pptential rise Adjacent cirelits Nearby circuits
Inductije coupling Adjacent circuits Nearby circuits Large-loop circuits
Capacitjve coupling Adjacent circuits Nearby circuits
Resistije coupling Connected circuits Nearby circuits
Conducted by line Service entrance SPDs Service entrance SPDs Service entrance SPDs
propagation (high stress) (medium stress) (low stress)
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Twisted LV
overhead line

overhead line g _, House,

s

Telephone line

bottom
w7

Underground

cable . "
MV/LV cable | ~~=---%% -
transformer T
IH
t stroke on HV line 5 Stroke-on the soil
t stroke on MV line 6 Stroke.on nearby structures
t stroke on LV line 7 Stroke on telephone line

t stroke on lightning protection system
Figure 2 — Examples of lightning flashes to a complex electrical system

uently, it is difficult, if not impossible, to present a discussion of the subject that
plly applicable. However, it is useful to consider the first stage of the lightning even

C 1637/02

can be
t in the

Ctive overvoltage is tpropagated toward the end-user facility. This propagation i
mitigation mechanisms, including inherent mitigation resulting from the system config
iberate mitigationh through the provision of various SPDs by the utility or end-user.

followingSparagraphs, the basic lightning parameters are briefly described, th

lity s derived from consideration of the various mechanisms. Cloud-to-earth li
oceur in two modes, depending on the respective polarity of the cloud and earth.

concept of a prospectiverovervoltage, which is more generally applicable. Thep,

e of mitigation means (deliberate or inherent). This first-stage assessment of the eve:Et leads
uent subclause, inherentumitigating effects are discussed to present information on how the

in a

nvolves
uration

en the

g mechanisms corresponding to the three types defined above are discussed, and finally a

ghtning

A posit
the
the
A nega
the
the
the

ive ground flash consists of the following components:

positive impulse current and, possibly,

positive continuing current.

tive ground flash consists of the following components:

negative impulse current of the initial stroke, and, possibly,
negative impulse currents of the subsequent strokes, and, possibly,

negative continuing current.

Objects of limited height are exposed to positive and negative ground flashes. Figure 3 shows
the related possible lightning current waveforms.
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Objects of significant height, such as towers higher than 100 m, are also exposed to positive
and negative ground flashes. In this case, discharge can also be initiated by a continuing
current. Occurrence of a single continuing current is also possible.

® .4 ©

+i . +
Impulse current Continuing
Ve current
> L """ ™
t t
A M O
i /\\\ jn—ry — -/
""" ™ €
t 4

Initial impulse current

Impulse current of
mulitiple strokes

S N © . ©
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t t
@ Positive ground flashes

.......

hemne
W
-
.-
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.
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L L4

9 Negative ground flashes
IEC 1638/02

Figure 3 — Possible waveforms of lightning current striking ground-based objects

Figure|4 shows the frequency distribution of peak current for three types of strokgs, and
table 2| shows the 50 % and 5 %Jevels of other parameters. In general, 90 % of the lightning
flasheqd are of negative polarity. The percentage of negative/positive flashes varigs with
climati¢ regions, however..A ' more comprehensive description of these parameters is diven in
annex A.
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Key
1 Negative first strokes
2 Negative subsequent strokes
3 Positive ground flashes

Figure 4 — Frequency distribution of peak currents for three types of lightning events
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Table 2 — Statistics of the significant parameters of lightning events

Percentile
Lightning flash parameter
50 % 5%

Peak current (kA)

Negative first strokes 20 90

Negative subsequent strokes 12 29

Positive ground flashes 35 250

Total charge (C)

Negative ground flash 8 40
Positive_ground flash 80 350

Transiept charge (C)

Negativle first strokes 5 20

Negative subsequent strokes 1 4

Positivg ground flashes 16 150

Specifiq energy (kJ/Q)

Negative first strokes 55 550

Negative subsequent strokes 6 52

Positivg ground flashes 650 15 000

Maximum slope of transient current (kA/us)

Negativie first strokes 24 65

Negative subsequent strokes 40 162

Positivg ground flashes 2 32

NOTE |These values give the characteristics of the return-streke current at the channel base (lower base|where
the megsurements were made).
The pelak value of a lightning impulse currfent is the significant parameter for the voltage drop
across|the impedance of the earthing-electrode or object and thus for the potential diflerence
betwegn the object and its environment. The charges transported by the impulse currgnt and
the continuing current are the signjficant parameters for burning damage to metals caysed by
lightning current arcs. The spgcific energy is the significant parameter for heating of lightning
currenf-carrying conductors -as” well as for mechanical effects from electromagnetic [forces.
The rafe of rise is the significant parameter for the voltages induced in conductor loop$ in the
vicinity| of the stroke and for the resulting currents. The multiple-stroke discharge is the main
cause for upsets of digital systems, due to the recurrence of spurious signals for onge flash
event gnd the steeper rise of current in the subsequent strokes.
The wqgrldwidesannual frequency of thunderstorm days is shown in figure 5. This information is
now being superseded by maps of flash density for regions where a lightning dgtection
system \is/in operation. Flash density maps provide more accurate information thfan the

traditional thunderstorm day and It IS expected that they will supersede ithe thunderstorm

maps as they become available.
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Figure 5 — Map of annual thunderstorm days [7] 1)

5.2 Drigin of lightning surge overvoltages

Lightning surge overvoltages in electrical systems may be classified according to theif origin
as follqws:

— ovérvoltages due to direct flashes to overhead lines;

— overvoltages induced-on overhead lines due to flashes at some distance;

— ovarvoltages caused by resistive, inductive and capacitive coupling from systems dgarrying
lightning currents:

5.2.1 Diréct flashes to overhead lines

As mentioned earlier, the effective impedance of the lightning channel is high and the
lightning current can practically be considered as an ideal current source. The resulting
overvoltages are therefore determined by the effective impedance that is seen by the lightning
current. For a flash to an overhead line conductor, the impedance is in the first moments
determined by the characteristic impedance (surge impedance) of the line. This impedance
(Zo) is normally in the range 400 Q to 500 Q for one conductor. As shown in figure 6, the
current (/) is initially divided in two parts, one in each direction.

1) Figures in square brackets refer to the bibliography.
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Figure 6 — Direct flash to an overhead line
tage surges (U) generated by the current at the point of attachment are/defined
U=Zyx 12
ne voltage surge (kV);

ne surge impedance (Q);
ne lightning current (kA).

For a moderate current of 20 kA and a surge impedance of 400 Q, the prospective

surge &
voltage
most ¢
is reduy
even fdq
on the

occur.

The frd
type (e

t the point of attachment of the stroke is 4°000 kV. On medium-voltage (MV)1) a
(LV) lines, therefore, flashovers will usually occur between all line conductors
hses, also to earth somewhere along the line. After flashover, the effective imp
ced, particularly depending on the-Value of earthing resistances involved. Hd
r a rather low effective impedance;-as for instance 10 Q, the voltage will still be
line for the 20 kA lightning current assumed in this example and further flashov¢

specially the height).and possible shielding effects of the surroundings. For ling

open drea, an estimate-efithe number of flashes to the line can be found by assumi

flashes
(4) can

where

within a distance-of three times the line height (H) will strike the line. An effecti
then be defined by:

A=6xHxL

by (1):

(1)

voltage
hd low-
and, in
bdance
wever,
200 kV
Brs can

quency of lightning flashes to an overhead line depends on local flash density, line

s in an
ng that
e area

(2)

A ist

e efreclive area,

H is the height;
L is the line length

1) For the purposes of this technical report, the distribution transformer will be used as the boundary between the
low-voltage system — less than 1 000 V r.m.s. according to the IEC definition — and the primary voltage. The
latter, regardless of its value, will be referred to as “medium voltage”, notwithstanding the practice of
differentiating between “medium voltage” and “high voltage” when referring to the system architecture.
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The number of flashes (N) per year is then found by multiplying 4 by the local flash density (Ng)
as follows:

N =4 xNgx10-6 (3)

where

N is the number of flashes per year;

A is the effective area (m?2);

Ng is the local flash density per km2 and per year.
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line anf per year, that is, three flashes per 100 km and per year.
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5.2.2 Induced overvoltages on overhead lines

Due tq the electromagnetic field changes caused by a lightning flashy-overvoltages are
inducefd in overhead lines of all kinds, including at a considerable distance from the flash.
As a cfrude approximation, the prospective overvoltages U (in kilovolts) between the line
condugtors and earth (closest to the strike) can be estimated from* (4) as indicated|in [53]
and [16]:

U=30x (Hld) x1I (4)
where
I is the lightning current (kA);

H is the height of the conductors above earth (@);
d is the distance to the flash (m).

The vo|tages have essentially the same.value for all conductors since the phase separgtion is
small gompared to the distance to the(flash.

As an pxample, consider a high=voltage line with a conductor height of 10 m: for a lightning
currenf of 30 kA, the induced ‘voltage is in the order of 100 kV for a flash at 100 m digtance.
For a 4V line with height oftonly 5 m, a current of 100 kA will produce a prospective voltage of
1,8 kV [even at a distanceyof 10 km.

5.2.3 Overvoltages caused by coupling from other systems

A lightping flash/to earth can result in an earth potential of high value at the point of strike
(and inl thecvieinity). This phenomenon will cause overvoltages in electrical systems us|ng this
point of garth as reference for their earthing system.

In figure 7, an example of such a case is shown. The potential rise of the earthing system is
determined by the lightning current and the effective earthing impedance. At first, the earth
electrode potential is determined by the local impedance, that could be 10 Q for instance.
This means that a high voltage is produced between the earthing system and electrical
installations inside the building, with a high probability of causing either insulation breakdown
or operation of SPDs. Following such events, current impulses can flow into the various
systems, mainly determined by their impedance to earth. In this way overvoltages are
produced in the power supply system as well as in other services (telecommunication, data
and signalling systems, etc.). Furthermore, overvoltages are transferred to other buildings,
structures and installations. For instance, all power installations supplied from the same
distribution transformer as the one struck by lightning can be affected.
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Due to the high electromagnetic fields caused by the lightning current, inductive and
capacitive coupling to electrical systems close to a lightning path can also cause overvoltages
of concern, especially on electronic and data systems, causing failures and/or malfunctions.

W

IEC 1642/02

Figure 7 — Example of resistive coupling from lightning protection system

5.3 Lightning surges transferred from MV systems

Becauge their structures are longer and higher than other structures located in their |vicinity
(housep, trees), MV overhead lines are in general”"more exposed to lightning than LV lines.
The nymber of lightning flashes affecting a liné’ depends on the keraunic level of thie local
area. The propagation of the surge through the MV system and the transfer rate to [the LV
system depend on the physical construction of the system. Some important differendes can
exist between the designs used in different countries.

The lightning surges in MV systems are caused by direct flashes or are induced Wy near
flasheq as described in 5.2. In-addition, back-flashovers can occur from flashes striking earth
wires dr extraneous metal parts‘of structures or equipment, or striking the earth close tp a line
structufe.

5.3.1 Surge overvoltage magnitude and propagation in MV systems

The sdirge propagation depends on the MV system structure, and in particular pn the
overvo|tage protection devices installed. High-level lightning surges are in general attgnuated
quicklyl during.their propagation on the line by losses and flashover across the line insulators.
In pragtice, after a few line spans, the overvoltage magnitude is reduced to the inqulation
levels of-the line isolators. \With the exception of direct flashes to the MV/L\/ transformer or its
vicinity, it can be assumed that overvoltages in an MV system are limited by the insulation
level of the line isolators. In a 20 kV system, this is about 150 kV to 180 kV. For wood-pole
lines without earthed cross-arms, however, much higher surges can occur.

A second limitation of the surge level is provided by the overvoltage protection devices
located usually at the primary side of the MV/LV transformer, or at the entrance of
underground networks. These protection devices may be ZnO or SiC surge arresters or air
gaps. The residual overvoltage (in the range of 70 kV for a 20 kV system for instance)
depends on the rated value and earthing impedance of the protection devices. When air gaps
are used, one can expect that the lightning surge might be followed by a power frequency
follow current that can generate a temporary overvoltage.

Annex A includes an example of measurements of lightning-related overvoltages on a typical
20 kV power distribution system.
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5.3.2 Surge transfer to the LV system

The overvoltage surges generated in the MV system by lightning are transferred to the LV
distribution system in two different manners:

— by capacitive and inductive coupling through the MV/LV transformer;
— by earth coupling.

The transferred surge magnitude depends on many parameters such as:
— LV earthing system (TT, TN, IT);
- ch st j

— LV pvervoltage protection equipment;

— coupling conditions between MV and LV earthing;

— transformer design.

The anfalysis of lightning surge propagation and transfer to LV systems(ean be carried| out by
using a high-frequency model. Such a model represents the transformer principally] by its
capacifive coupling which is considered to be its most important characteristiq when
considering frequencies in the range of the MHz (see annex A).

In casg of direct lightning to the MV line, the surge arrestefroperation or an insulator|spark-
over diverts the surge current through the earthing system and can produce a resistive earth
coupling between the MV and LV systems. An overvoltage is transferred to the LV sygtem as
shown|in the typical case of figure 8a. Depending.on the earthing impedance valugs, this
earth ¢oupling overvoltage can be much higher«than the capacitive coupling through the
transfofmer. On the other hand, separating the garthing electrodes as in figure 8b dedreases
this prpblem. However, this configuration will\cause voltage stress between the trangformer
case ahd the secondary winding.

In a TN system, if the neutral is also_earthed at the customer installation, smaller overvpltages
will ocqur. It should also be noted.that this kind of resistive coupling may be avoided by using
a sepafate earthing system for thé LV part of the transformer.

gy
ik
(it - =
MV arrestgr <_J U=Up+Ri+ L di/dt J UF Uy
(3%) MV arrester
(3%)
j Equigment
"""""" N r11 B DR STV I i SR R
LIJ il Tl Equipment L|_| \_'J
R,L) Installe}tion Arrester Transformer Installation
transformer earthing earthing earthing earthing
earthing IEC 1643/02 IEC 1644/02
Figure 8a Figure 8b

Figure 8 — Typical earth coupling mechanisms
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A typical value of the overvoltage transmitted by capacitive and inductive coupling to the
secondary of the MV/LV transformer side is 2 % of the MV phase-to-earth voltage between
phase and neutral conductors and 8 % between phase conductor and earth. These values are
typical for a loaded LV circuit. When the LV side of the transformer is open, or very lightly
loaded, the values can be significantly higher, depending on the LV system.

Induced lightning surges on the MV system produce much less surge current (usually less
than 1 kA) than direct flashes, and the overvoltages are in practice transferred to the LV
system only by capacitive coupling and do not exceed a few kilovolts. In such cases, the
overvoltage induced directly in the LV system (at least in the part which is not far from the
lightning impact point) is in general higher than the one transferred from the MV side. If an

SPD operates—or-a cpnrl{n\/nr OCCUES the current will he small and ar\r‘nrdlngly the resistive

coupling is negligible.

5.4 purges caused by direct flash to LV lines
5.41 Prospective overvoltages

As shgwn in 5.2, and in the illustrative examples of annex A, extremely high prospective
overvo|tages are produced when direct lightning flashes occur on‘overhead lines. Flgshover
will redult between all line conductors, and in most cases to earth_(somewhere in the viginity of
the flagh (primarily at the poles). Flashover can also occuriilr non-protected installations
suppligd by that line.

In a combined overhead line/cable system, the overvoltages will be somewhat reduced|due to
the lower surge impedance of cables compared to.oVerhead lines. The amount of reduction
depends on the current duration and on the {otal capacitance to earth of the gystem.
However, usually this reduction is not sufficient* to avoid overvoltages exceeding |normal
insulatjon levels in LV installations. Thereforg{ direct flashes to LV lines should genefally be
expected to cause damages.

5.4.2 Practical limitations
In a practical case, the overvoltages will be limited by SPDs that might be installed| at the
distribytion transformer and at-the consumer’s premises. However, such devices will be very

much gtressed and a high risk-0f damage to SPD elements might be expected in the ¢ase of
direct flashes, unless the.SRDs are specifically designed for that purpose.

5.5 Lightning surges induced into LV systems

5.5.1 Prospective overvoltages

Estimajtes of\prospective induced overvoltages in LV systems, due to lightning al some
5.2.2.
hstand

can occur even for lightning flashes at 10 km distance from the line.

This kind of surge is therefore of primary concern for LV distribution systems using overhead
lines. Lightning induced overvoltages occur mainly between conductors and earth. The
voltage difference between the conductors is initially small, especially when twisted
conductors are used. However, due to different loads on phase conductors (depending on the
LV system), interactions of surge protective devices, possible flashovers, etc., considerable
line-to-line stresses can also occur.
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An example illustrating induced overvoltages in LV systems is shown in figure 9. Twisted
conductors (including the neutral) are assumed. Furthermore, the neutral is earthed at both
ends of the line. It is seen that the voltages are showing damped oscillations with a frequency
equal to the characteristic frequency of the line.
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Figure 9 — Typical overvoltages induced on an LVdine by a near lightning flagh

5.5.2 Assessment of the probability of occurrence

The agsessment of the number of induced o¥érvoltages on an LV line in function|of the
amplitydes can be made on the basis of the\simple Rusck formula (4) cited above. Buch a
simulafion has been performed for a line of6 m in height and 1 km in length [29], aspuming
a normglized flash density (Ng) of 1 flash’ per kmZ2 and per year, and the lightning purrent
distribytion proposed by CIGRE [10]. Similar results based on the same model, and supported
by experimental data on LV lines for eight years, have also been obtained by Popolansky [51].

Anothgr approach has been followed by CIGRE-CIRED JWG 05 (CCO05), starting from the
experimental measurements- made by Eriksson in South Africa [18] and developing a
princippl formula giving the‘same results:

_ D3,75
30(1U C)E 5)

Ny = 19x1070 x Ng 1 x L[35 + 25log
U

In this |formula N; is the number of induced overvoltages, Ny, H, L, and U are as defined in
equati ; ; g ; e to a
grounded neutral or an earth conductor (the factor ¢ can range from zero in absence of such a
conductor to 0,7 or even 0,9 in case of a multiple-grounded neutral conductor in a
preassembled bundle). Although established for MV lines, the above formula has been
validated by simulations based on the model established by CIGRE TF 33.01.01 [46].

Simulations performed in Italy [45] have confirmed the important part played by a multi-
grounded neutral conductor, as was already suggested by equation (5). It is shown in
particular that »j is also proportional to the square of the span length between two groundings
of the neutral, and that the closer to this grounding the measurements are made, the smaller
the expected overvoltages are.
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Figure 10 shows a comparison of the curves obtained from Johannesen’s simulations and
from CCO05 simulations (assuming ¢ = 0). Other results of simulations performed by Electricité
de France with the ANASTASIA code [52] and presented in figure A.4 are also shown on the
same figure. In order to make the comparison valid, all the data have been normalized for a
line of 1 km in length, and 10 m in height, with Ng =1 (assuming that N; is proportional to Ng,
H and L). It should be noted, however, that somewhat different assumptions are made for the
simulations. For instance, for the ANASTASIA simulations, the line was terminated by a
LV/MV transformer at one end and left open at the other end. For Johannesen [29], the line
was terminated in matched impedances (no reflections) and only the flashes along the sides
of the line were taken into consideration. Therefore, a direct comparison of the curves is
difficult but the results may be considered as general indication of the range of lightning-
induced overvoltages that can be expected.
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Figure 10 — Example of estimated frequency of occurrence of
prospective induced lightninhg overvoltages on LV overhead lines

These [distributions represent the prospective overvoltages (not influenced by any reagtion of
the syqtem, such as a flashover):lh practical cases, distortion and limitations are pres¢nt due
to mulfiple branches, cable sections, loads, flashovers, overvoltage protection devicgs, etc.
The statistical distributions en this figure should therefore be expected to be somewhat
modifigd in real cases. ln particular, the frequency of overvoltages with magnitudes exdeeding
the norfmal line insulation’level will be reduced.

5.6 xamples_of'induced overvoltages

From the preceding data on the occurrence of overvoltages, one might expect more|surge-
related| failures of equipment than those actually being observed. This discrepancy fan be
explainedvby several factors: actual probability of the event at a given location, mitfigating
effect of multiple paths offered to the surges, actual behaviour of transmission lines, loading
effect by linear as well as non-linear loads, presence of SPDs, unrecognized flashover in the
face of extreme overvoltages, etc.

5.6.1 Simulations

As an example of prospective overvoltages that might be expected, a simulation with Monte-
Carlo statistics was performed on a model of a LV distribution system shown in figure 11. The
ground flash density was assumed to be 2,2 flashes per km?2 per year, and all loads were
simply modelled by resistors, independent from frequency. Table 3 shows the results of this
analysis. The last column shows high levels of overvoltages, but these occur only in case of a
direct lightning stroke on the LV system. The probability of occurrence of such surges in this
example is once in 22 years.
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Table 3 — Line-to-earth prospective overvoltage levels in the LV installation,
occurrences per year

>1,5 kV >2,5 kV >4 kV >6 kV >20 kV
Unloaded TT system 6 3 1,8 1 0,045
Loaded TT system 4 1,7 1 0,5 0,045
Loaded TN system 1 0,6 0,35 0,25 0,045

NOTE 1 The numbers shown in the table were obtained for an overhead twisted cable distribution system. For a
distribution system with overhead open conductors in air, the voltage levels can be expected to be twice as high for
the sam¢ probabilities.

NOTE 2| In this example, when performing a variation of the model to represent a TN system, it was_found that the
value of the earthing impedance had no significant influence because the LV neutral is connected direct to earth.
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Figure 11 =“Model of distribution system used in the simulation

This amalysis demohstrates that for the typical LV line of figure 11, and for a flash depsity of

2,2 flaghes per year per km2, the prospective number of overvoltages exceeding the indulation

level defined By)IEC 60664-1, such as 4 kV for a 230 V TN system, is in the order|of one
occurrgnce every other year.
In 5.5.2 reference is made to measurements [50] made in regions with similar ground flash

density (2 to 3 flashes per km2/year). These measurements were made on LV lines between
live conductors and a local earth electrode at the measuring sites. Therefore, these data
(showing voltages in excess of 4 kV about 10 times per year) are not directly comparable to
the simulation results presented in table 3. However, taking into account the specific
parameters used for the simulation circuit, and the fact that here the line-to-earth voltages
within the installation are studied, it seems that the measurements and the simulation results
are in reasonable agreement.

NOTE This analysis has been complemented by further computations with the ANASTASIA programme, assuming
that an SPD with a protection level of 2,5 kV is installed at the service entrance of the installation. The current
flowing through the SPD was also computed. These simulation results confirm that the surge currents produced by
induced overvoltages are in general less than 1 kA. For instance, the maximum SPD current was only 60 A for a
100 KA flash to the soil at a distance of 200 m from the LV line. The current in the SPD has also been computed in
the case of a direct 100 kA flash to the MV line at 250 m from the MV/LV transformer; the resulting current in the
SPD was about 200 A. These two results were obtained for an assumed earthing resistance of 50 Q at the service
entrance. Lower earthing resistances will tend to increase the SPD currents.
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5.6.2 Measurements

Measurements made in France, and still being continued, have shown that the prospective
values of table 3 are not reached very often, because in practice the LV line is generally
connected to a number of installations and because operation of an arrester or a flashover,
which can occur in any part of the LV system, will reduce the overvoltage applied to the rest
of the system.

Measurements on lightning-induced overvoltages in LV lines are reported in [50] for an area
of similar flash density, but for phase or neutral with respect to local earth electrode. The line
lengths were in the order of 1 km. Depending on the shielding of the line by surrounding
objects, avervoltages in excess of 4 kV occurred about 8 to 12 times per year Note that these
overvoltages occurred between lines and local earth, not across the customer loads.

Systematic monitoring of overvoltages at several sites recently made in Germany prpduced
the statistics detailed in table B.3. The cause of the overvoltage, whether switching or
lightnirlg, is not identified in this survey. It is possible that the few recordings at the high end
(four events above 2 kV and two events above 6 kV) in a total of 151 €vents above 1 kV
(among 3 000 events above 500 V) were associated with lightning surges.

5.7 Dvervoltages caused by flashes to the structures or in,close vicinity
5.71 Lightning current dispersion among parallel installations

When lightning strikes a structure which is one of several supplied in parallel by a LV| power
system|, the flow of lightning current into the earth!) divides among the various| paths
availaljle. These include local earth (building earthing), as well as distant earth points through
any anf all metallic paths, primarily the power supply cable.

To qupntify this dispersion, two examples have been simulated, using the HSPICE
programme, as detailed in annex A, andZsummarized here. Figure 12 shows two buyildings
suppligd from a substation where building 1 is struck by lightning as defined in IEC 613{12-1.

At building 1 of figure 12, the injected current ij,, flows from the air-termination system of the
lightnirlg protection system through the down-conductor to the earth-termination sysfem. At
that pdint, the lightning current divides into two components, i flowing into the local garth of
the building, and i, flowing*through the power supply cable toward the distant earth.| These
two cufrents divide according to the inverse ratio of the impedances. In the initial phasg of the
impuls¢ current, the-current division is determined by the ratio of the inductances.
Experimental datathave confirmed this behaviour [14]. In the tail, where the rate of change is
low, the division-i§ determined by the ratio of the resistances as in (6):

imlie = Re/Rm, (6)

With several buildings electrically connected, the effective resistance R, decreases, which
means, according to (6), that the portion of the lightning current that flows out of the struck
building into the LV system will increase when more buildings are connected into the string.
For the example of figure 12, table 4 shows the current amplitudes among the available paths
to earth (after the initial inductance-dominated stage) as computed by the numerical
simulation detailed in annex A. For these computations, no evidence was found of any
oscillations caused by reflections, because of the low 10 Q earthing impedances and no
capacitances having been postulated in the model [5]. Other examples of current dispersion
are given in annex A. For cases where the waveform is shorter, the current dispersion cannot
be simply assessed by considering only the resistances [31].

1) The path of the lightning current as it divides among available paths is often presented as originating from the
cloud and flowing into the earth. It should be noted, however, that for a negative cloud-to-earth ground stroke
(figure 3), the lightning is a ‘return stroke’ from the earth — ‘into the earth’ — with positive charges neutralizing
the negative charges in the lightning channel (inclusive branches) and the cloud.
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Table 4 — Current dispersion in available paths in the example
of figure 12 (10/350 ps, 100 kA)

Approximate
current amplitude, Approximate
Available path to earth (beyond initial charge
stage)

kA C
Earthing electrode(s) of building 1 (igarthing) 33 16,5
Outgoing from building 1 towards building 2
Total (/,,) via power supply cable 66 33
Birectviameutrat +F 9
Through SPD1 16 8
Through SPD2 16 8
Through SPD3 16 8
Into earthing electrode of building 2
Total 34 16,5
Direct via neutral 9 4,7
Through SPD1 8 4
Through SPD2 8 4
Through SPD3 8 4
Outgoing from building 2 towards transformer
station via power supply cable
Total 33 16
Direct via neutral 9 4,5
Direct via line 1 8 4
Direct via line 2 8 4
Direct via line 3 8 4

5.7.2 Overvoltages resulting from current dispersion

The current dispersion among\the available paths will produce overvoltages primarily between
the conpductors and local earth. Depending on the configuration of the LV installation and the
presence or absence of-SPDs, these overvoltages can be large or can be moderate| Some
examples derived from-the simulation described above are provided in greater detail in
clause[A.5, where twoéxamples are described of overvoltages resulting from a surge furrent
postulgted to appear at the service entrance of an installation. In those examples, an impulse
currenf was injected at the entrance of actual buildings and measurements were madg of the
overvoltageszappearing at selected points inside the building.

Recenf_eXperiments have been conducted on a replica of a multi-earthed low-Voltage
installation, with injection of triggered lightning at various points of the installation [14].
Results basically agree with the preceding statements and show the beneficial effect of
improved neutral earthing at the service entrance and the significance of taking into
consideration resistive, inductive, and mutual coupling effects.

It should be noted that the earth potential rise resulting from a direct flash to a building or
structure normally exceeds the insulation level of the low-voltage installation and
consequently produces flashovers and overvoltages that propagate to adjacent buildings
(installations) connected to the same low-voltage distribution network.

Consequently, even for an underground network, a building not struck by a lightning flash can
be exposed to overvoltages. The number of buildings (installations) involved in this
propagation process increases with the soil resistivity. Moreover, for a given flash density in
the area, the presence of a tall building, although reducing the probability of direct flashes to
smaller buildings in its vicinity, enhances the probability of conducted overvoltages.
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Overvoltages between conductors and local earth stress the insulation of connected
equipment which wusually has sufficient withstand levels according to IEC 60664-1
recommendations, while the working components of power equipment are stressed by
overvoltages appearing between conductors. At first glance, it might be rationalized that the
most threatening situation would be the overvoltages applied to the working components of
the power equipment. However, overvoltages to earth can become a problem, not so much for
the power equipment insulation, but as a result of shifts in reference potentials between the
power system and the communications system that might be connected to the equipment.
This potential problem is discussed in greater detail in clause 8 and in annex D.

As discussed above, the differences existing in neutral earthing practices and provision of
SPDs, if any, make it difficult to give broadly applicable numerical results, and caution must
be exefcised against unwarranted generalization from illustrative examples.

5.7.3 Frequency of occurrence

The anjhual frequency Ny of direct flashes to a structure can be assessed by-the product of the
annualfground flash density Ny (flashes per km? per year) by the effectiVe collection prea of
the striicture 4 (km2) as follows:

Ng = Ng x Ag (7)

The effective collection area of the structure is defined as the*measure of the ground surface
which has the same annual frequency of direct lightning flashes as the structure. |lt is a
functiop of the structure dimensions and depends on ground topology and surrounding pbjects
(see IHC 61024-1).

For a rectangular structure on a flat site, 4, is_given by the following:

Ag = 10-644 + 3 h x p + 9THi2) (8)

where
A is the horizontal area of the structure in m2;
h is the height of the structufe,in m;

p is the perimeter of the roof, in m.

Depengling on Ny, the order of magnitude of Ng for a small building is about 102 to 1p~3 per
year. However, as_stated in previous sections, the probability of occurrence of overvoltages in
the low-voltage network due to flashes to other buildings will be much higher, but at lower
stress [levels. (For instance, simulations made for a typical overhead network [45] have
concluged that*the rate of occurrence of the latter overvoltage (by propagation) is in the order
of 0,1 tlo 0,3-events per year.

The level of stress depends, of course, on the nature of the soil, on the type of network
(overhead, underground), and on the number and quality of neutral earthing. There are no
firm data on the relationship between specific stress levels and their frequency of occurrence,
but IEC 61662 provides some guidance on the subject.

5.8 Recapitulation on lightning overvoltages

Lightning overvoltages originate from a source beyond human control and their severity at the
point of utilization of electric power depends on many parameters determined by the point of
impact of the lightning stroke and by the structure of the power system. While the structure of
the power system is under human control, its parameters are generally determined by
considerations other than lightning protection.
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These overvoltages may be classified according to their point of impact: direct flashes, near
flashes, far flashes. For direct flashes, the overvoltages result from the flow of lightning
current in the structure of interest and the associated earthing system. For near flashes, the
overvoltages result from induction of voltages in the conductor loops and to some extent earth
potential rise associated with the lightning current. For far flashes, the overvoltages are
limited to those induced into circuit loops.

Increasing stresses occur as the point of impact of the stroke is closer to the structure of
interest, but the likelihood of such high stress is lower than that of a stress of lower magnitude
associated with more remote flashes. In any case, statistical considerations, which will be
discussed in clauses dealing with risk analysis, are an essential part of the decisions to be

made gehcerhihg-protection-agaihst-theselightning-overvoltagses
g F J J J J *

Lightnipg occurrences and lightning characteristics are of statistical nature, and there are still
uncertainties involved. For instance, most direct current measurements have-been made for
high towers, and the results might not in general be representative. Geographical area
including climatic conditions can also be decisive.

Measufements as well as theoretical studies are still going on in several parts of thel world,
and maore reliable data on lightning and lightning effects are expected'in the future.

Note that any proposal for applying theoretical considerations 6r results of limited measurements
to defirle a relationship between frequency of occurrence and magnitude of lightning overvjoltages
should jalways be reconciled with reality checks, as discussed in clause 9.

6 Switching overvoltages

6.1 Seneral

Generally, any switching operation, fault\initiation, interruption, etc. in an electrical installation
is followed by a transient phenomenan in which overvoltages can occur. The sudden ¢hange
in the |system can initiate damped “oscillations with high frequencies (determined |by the
resonant frequencies of the network), until the system is again stabilized to its new [steady
state. The magnitude of the switching overvoltages depends on many parameters, such as the
type offcircuit, the kind of switching operation (closing, opening, restriking), the loads, and the
circuit-preaker or fuse._Inithis clause, the phenomenon is described in principle, ytilizing
simple|examples in orderto present a general basic description.

Figure |13 shows an elementary circuit where an RLC load is being switched on by g| circuit
breakefr and figure 14 shows typical transients associated with this switching. The voltage is
superimposed-on the power frequency voltage of the power system and is in this exkample
stabilized’ within about one cycle. The maximum voltage is mainly determined by the closing
instant| ofvthe breaker in relation to the voltage of the supply system. The highest high-
frequency overvoltage usually occurs when the breaker is closed at the maximum of the
voltage (not to be confused with the offset current, which is highest for closing at 0 V.)

_I:'—M—T_

IEC 1649/02

Figure 13 — Generation of overvoltage by switching an RLC circuit
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In most cases, the maximum overvoltage is in the order of twice the amplitude of the system
voltage, but higher values can occur, especially when switching inductive loads (motors,
transformers) or capacitive loads. Also, interruption of short-circuit currents can cause high
overvoltages. If current chopping occurs, relatively high energy can be stored in inductive
loads, and oscillations can occur on the load side of the opening switch or fuse.

The frequency of the oscillations during switching operations is determined by the system
characteristics, and sometimes resonance phenomena can occur. In such cases, very high
overvoltages can be produced. The probability of resonance with harmonics of the power
frequency of the system is usually low. However, if the characteristic frequency of a switched
part of a system is close to one or more resonant frequencies of the rest of the system, a

state o transientresonance-can-o0coUE-

Lightnipg overvoltages described in clause 5 are mainly based on theoretical calculations, and
the corncept of prospective overvoltages (no inherent voltage limitation) was introduced|in that
contex}. In contrast, for switching overvoltages, extensive theoretical studigs,in the djfferent
existing and complex low-voltage systems have not been found in the diterature?), gnd are
also difficult to perform. Instead, data are obtained from staged measuréménts and recprdings
of transients as they occur in existing systems or in laboratory experiments.

measufements in real low-voltage systems. Therefore, the reported voltages are limited by the
withstgnd of the system and connected apparatus. In addition, surge protective devices
(SPDs] in the system (and built-in SPDs) will limit the medsured voltages. This fact should be
noted when considering the numerical values shown imjthis clause and in annex B.

The fojowing considerations regarding switching overvoltages are-to a large extent based on

1) Except for capacitor switching transients in MV systems, which are passed on to LV systems, see clause B.2.
These have been the subject of several studies as well as field measurements [23], [13].
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Figure 14 — Typical switching overvoltages

The typical shape of switching surges+is determined by the response of the low-
installation. This situation results inxmost cases in a ringing wave as shown in prin
figure 14. Figure 15 is an example of-a measured switching overvoltage recorded in a real
showing similar characteristics, but-at higher frequency than those shown in figure 14.
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Figure 15 — Example of a high-frequency switching surge
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The oscillation frequency is typically in the order of several hundred kilohertz. The rise times
are usually in the range of 0,1 pys to 0,5 ys and the maximum rate of rise usually is in the
order of some kV/us. A typical distribution of the rates of rise (which does not include very
short spikes) is shown in figure 16.

As the|maximum amplitudes of switching surges are not higher than a few kV, the ris
will belin the range of 0,5 us to 2 uys. The distribution of the rise times is shown in fig
Therefpre, the maximum rate of rise of typical switching surges more or less correspon
the ris¢ time of the standard waveshapes of thé\1,2/50 ys impulse or the 0,5 ys - 100 k
wave. [The correspondence with the 1,2/50\us impulse is shown in figure 18 for rath

amplitydes.
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Figure 16 — Distribution of the rate of rise of'switching surges
at different locations
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Figure 17 — Distribution of the rise time of switching surges
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Figure 18 — Rate of rise of the switching surges and their crest values

The duration of the surges is distributed over a much wider time“range. If switching
overvo|tages caused by operation of fuses with high rated current<in case of shor{-circuit
interruption are excluded, the typical duration (time to half-value)sis ffom 1 pys to 50 us| which
is shown in figure 19.
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Figure 19 — Distribution of the duration of the switching surges

6.2 Dperation of circuit-breakers and switches

Circuitibreakers and switches are widely used in every installation for either prqgtecting
electridaalhequipment by switching off in case of overload or short circuit, or for controlling the
operation of equipment by switching on and off. The frequency of switching depends on
the field of application with higher rates in the industrial and relatively lower rates in the
domestic range.

The switched currents in case of most resistive loads are in the range of the rated current of
the equipment. However, filament lamps draw an inrush current approximately 10 times their
rated current, as the filament has a low resistance when cold, giving rise to higher switched
currents. For non-resistive loads such as switched-mode power supplies, the switched
currents are much higher than the rated current.

One reason is inrush current when capacitors are charging up. For instance, in the case of a
100 W television set, the rated current is 0,4 A but the inrush current is approximately 20 A,
which is 50 times higher. Another reason is crest factor of the non-sinusoidal current, with
peak currents higher than that expected from the rated r.m.s. value.
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Opening of mechanical switchgear, either manually or by an electromechanical operation,
produces an electric arc during each switching process. A high-frequency oscillation is
generated by the sudden voltage change together with the inductances and capacitances in
the environment of the switch. This oscillation is superimposed on the voltage between the
line conductors and between a line conductor and earth, and the total voltage is stressing the
insulation of electrical equipment with respect to exposed conductive parts and other circuits.
In contrast to transient overvoltages transmitted via the public distribution network into the
customer's installation, switching transients generated within the customer's installation by
circuit-breakers and switches affect the electrical equipment without significant attenuation, so
that the amplitude of those transients is relatively high.

The magnitude of switching overvoltages can be assessed by detailed measurements in
electrigal installations and their statistical evaluation. By such measurements, it is pessible to
characjerize the frequency of the occurrence of transient overvoltages depending either on
certain|time periods during a year or on certain weekdays or a certain time of the\day. [If such
a timetdependent characteristic exists, the occurrence of transients can he. inferred from
events|within the electrical installation, for instance by switching or by operating appliances
which ¢an create interference because of their design.

Measufements in industrial and other installations have shown that the frequency|of the
occurrence of overvoltages decreases with their magnitude. In low-yoltage systems, switching
overvo|tages are expected to be not much higher than 4 kV bgcause at that level cledrances
of elecjrical equipment are likely to be insufficient to prevent flashover, and thus limit the peak
values| As an example, the statistical distribution of switching overvoltages obtaingd from
measufements in industrial systems is shown in figure 20
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Figure 20 — Example of distribution of switching surge amplitudes
measured in industrial distribution systems rated 230/400 V

Statistical evaluation of extended measurements led to the conclusion that only 1 to 2 out of
1 000 recorded switching overvoltages have amplitudes in excess of 2,5 kV. Other long-term
measurements, which were performed in installations of different kind and in different
locations (see annex B), show similar results. Most of the recorded transient overvoltages
were even below 1 kV and only one value was around 6 kV.


https://iecnorm.com/api/?name=b317ed2f1b82bfac1c908650aeb98500

TR 62066 O IEC:2002(E) - 37 -

It should not be concluded that circuit-breaker and switch operations in general cause minor
problems with regard to the generation of switching transients. The data presented in
measurement results are not all-inclusive and switching surges can exist more frequently than
these data indicate. Therefore, when assessing the need for SPDs, consideration should be
given to this fact. It should be noted that, especially in industrial installations, the energy
stress on SPDs can be relatively high.

NOTE The above-mentioned measurements have been performed in real installations with equipment connected.
Therefore, even if SPDs external to equipment in the installation concerned had been disconnected, the results
obtained are always influenced by the construction of the equipment connected (for example, clearances, creepage
distances, impulse voltage withstand, filter- and/or SPD-components inside the equipment) and will not represent
the prospective overvoltages occurring in the installation in question. The only way to take into account these
influencing factors would be to perform combined measurements of impulse voltages and corresponding surge
currentsoceurmngat—ammstattatiom, —thos—givimg—ammdicatiom—about—the—emergy —stress—to—be—expygcted for
equipmepnt, if no external SPDs are installed. Due to the complexity of such measurements, no such Hata are
availablg for the time being. See [34], [9] and [37] for more information on this possible problem.

6.3 Dperation of fuses

Compared to other surges caused by operational switching, the occurrence’of surges|due to
fuse operation is less frequent. However, in case of interruption of a shott circuit, very|severe
switchihg surges can be generated. This condition is mainly influenced by the rate of|rise of
the shfort-circuit current, the characteristic of the fuse and jts ‘current rating, apd the
inductgnce of the circuit.

In electrical equipment, miniature fuses with current ratings-between 0,0032 A and 10 A are
frequently used.

The switching surge in case of short-circuit interfuption by a miniature fuse with a rated
currenf of 1 A is shown in figure 21. In that case; the amplitude of the switching slrge is
rather |high but the duration is fairly short. In\‘@ series of tests performed in the rgnge of
currenf ratings between 1 A and 10 A, the amplitudes of the switching surges were fgund to
be rather constant, as high as 2,6 kV.

However, due to the increased time-duration (table 5) of the surges, the energy-delivery
capability is substantially increasing-with the rated current of the fuse. The rate of risg of the
surges|can reach 2,6 kV/us. Eer.some current ratings of the fuse, the switching surge|is also
influenped by the fuse characteristic. A fast-blow fuse will cause surges of shorter duration
than a slow-blow fuse.

Table 5 — Time to half-value of the switching surges versus rated current
of miniature fuses

Fuse rating Time to half value
A us
1 8
1 24
1,6 36
10 64
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Figure 21 — Switching surge during interruption by a miniature fuse [48]

Clearing of a short circuit in a feeder of a distribution system by a fuse installed ng¢ar the
busbar|is a relevant matter because the overvoltage generated‘by the switching of the|fuse is
effectiye on all other current-using equipment connected to_the same busbar. Expgrience
based jon statistics has shown that such a fault occurs yery rarely in the public low-yoltage
supply| However, this type of fault is relevant for industrial distribution systems, where a
short-cjrcuit is not a very rare event. Annex B provides two examples of measuremenis, one
made for a short circuit occurring near a feeder fuse; the other for a short circuit occufring at
the end of the cable.

6.4 Frequency of occurrence

Both the relative values of the probability*of occurrence of switching surges and the apsolute
values|may be evaluated. The firstumethod, relative values, is more appropriate if dffferent
measufements and/or locations have to be compared.

As an empirical rule, the probability of occurrence of a switching surge seems to be inyersely
proporfional to the third power of its amplitude. This behaviour, which will be called the third-
power [law, is shown in figure 22, for different types of locations [44], [21]. Howevagr, with
increaging amplitude ofythe switching surge, there seems to be a general tendency fof some
deviatipns from the_third-power law. These deviations seem to be more pronounced fof some
types df location§/stich as, for instance, commercial.

In figurne 22, the relative probability of occurrence of a switching surge of 2 500 V amplitude is
about fivesto ten times greater than the extrapolation of the third-power line from the relgion of

i —As-this—restut a-pointsiis hre i and it
is given here only as an example. Due to substantial differences between the overvoltage
characteristics at different locations, which is a common result of all investigations, the data
should be analysed in detail separately [42].

6.5 Interactions with surge-protective devices

Because switching surges involve the response of the installation to the voltages, current, and
energy stored in the circuits at the power frequency, their energy-delivery capability can be
substantial. However, as mentioned above, their amplitude is often limited, giving an
opportunity to avoid the risk of having an SPD attempt to clamp them. System designers and
equipment designers should apply SPDs with due consideration of the possible occurrence of
switching surges with high energy-delivery capability, as discussed in clause 12.
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Figure 22 — Distribution of the relative frequency of occurrence
of switchihng surges at different installations

6.6 Recapitulation on switching overvoltages

In mos} cases, the maximum switching overvoltages are in the order of twice the amplitude of
the system voltages but higher values can occur, especially when switching inductive loads
(motorg, transformers) or capacitive loads. Also, interruption of short-circuit currerts can
cause high overvoltages. If current chopping occurs, relatively high energy can be stpred in
inductive loads,and oscillations can occur on the load side of the opening switch or fusge.

The mpagnitude of switching overvoltages can be assessed by detailed measurements in
electrical installations and their statistical evaluation. By those measurements, the frequency
of the occurrence of transient overvoltages depending either on certain time periods during a
year or on certain week-days or at certain times of the day can be evaluated. Beware,
however, of the limiting effect of undefined SPDs that might be present in the installation. If
such a time-dependent characteristic exists, the occurrence of transients may be inferred from
events within the electrical installation, by staged switching or by operating appliances which
can create interference because of their specific design.

These considerations make it necessary to assess the likelihood that a candidate SPD
intended for mitigation of switching surges can offer effective voltage limitation. Next, it
should then be determined that the SPD will have the necessary capability to deal with the
current levels and durations involved in the switching surges to be expected at that location.
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7 Temporary overvoltages

7.1 General

A wide range of phenomena, either resulting from normal system operation, or from accidental
conditions, can produce overvoltages which must be distinguished from the switching

overvoltages discussed in the preceding clause. These overvoltages occur at the
system frequency and generally require operation of some existing protective over

power
current

equipment to clear the circuit, should some equipment fail under that stress. Note, however,

that equipment is generally designed to withstand temporary overvoltage stresses.

Surge

protective devices at the present state of technology — as applied for protection against

requirgd for limiting these temporary overvoltages. Therefore, when selecting the "'m&

Iightni;l? and switching surges — do not have the energy-handling capability that wd
operati

g voltage for surge protective devices (SPDs) at a particular installationthe eX

uld be
ximum
pected

magnitude and probability of occurrence of temporary overvoltages at the actual’site have to

be taken into consideration.

7.2 Magnitude of temporary overvoltages due to MV and LV faults

Temporary overvoltages are defined as a.c. overvoltages with~a significant durati
amplityde that can appear in a system following a fault condition. They are, in g
originated by insulation faults or loss of a supply conductor in the MV or LV el
installgtion. Product standards take into account these phenomena by appropriate ins
requirgments and tests. IEC 60364-4-442 provides semie information and data wh
summgdrized here, with additional details in annex C.

NOTE |n systems with MV and LV lines mounted on the same‘poles, or systems with two different MV le
mounted on the same poles, accidental commingling of the.systems can occur, causing substantial overvol
the LV qystem. In the application of SPDs to low-voltage.systems, consideration of commingling is gend
included} However, if such exceptional events are to be eonsidered, special SPDs need to be applied to su
event or| at least fail in an acceptable manner. Furtherdiscussion of this problem can be found in annex C.

Dependling on the configuration of the-earthing of the MV and LV networks, the M
currenf flows into one or more earth-electrodes and generates a.c. overvoltages in
system by earth coupling.

The main parameters which influence the value and the duration of the overvoltages ar
below.

All of these are determined by the designers of the power system:

a) the|configuration of the earth electrodes of the MV and LV network:
— |one,Awo or three distinct earth electrodes;

bn and
eneral,
ectrical
ulation
ch are

els also
fages on
rally not
rvive the

\V fault
the LV

b listed

works;

— |common earthing electrodes or separated earthing electrodes for MV and LV nef

— the values and the number of earth electrodes of the LV distribution system;
b) the type of system earthing of the MV network:
isolated;

resonant-earthed;

earthed through an impedance;

solidly earthed;

c) the method used to clear the MV fault:
— long time for isolated resonant-earthed or impedance-earthed types;
— short times (<5 s) for low-impedance earthed types;
— shorter time for solidly earthed types.
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Temporary overvoltages appear at different places and apply in different ways.

— In the MV/LV substation, the overvoltage stresses the insulation of the LV equipment
between live parts and exposed conductive parts if there is no common MV/LV earthing.

— In the low-voltage electrical installation, the overvoltage stresses the insulation of low-
voltage equipment, between live parts and exposed conductive parts if the neutral is not
connected to the local earthing electrode.

— An overvoltage appears between the local earth of the low-voltage installation and remote
earth which can stress, for example, the double insulation of Class Il equipment used
outside a building or service entrance which would not be connected to the main earthing
terminal.

Table

depending on the MV/LV earthing electrode configuration and the LV system config
Note thhat the values of 250 V and 1 200 V specified in some columns of this table
Iim values allowed according to IEC 60364 for connecting the MV_éarth and
pgether. In actual practice, much lower values occur.

maxim
earth t

provides some information on the maximum values and durations which mighlt occur

ration.
are the
the LV

Table 6 — Maximum values of overvoltages allowed to occur during MV faults to parth

NOTE 4 Double faults might need special consideration.

Tvod and earthin Earthing Maximum r.m.s. stress voltage-on Fault Maxjmum
yp 1ing arrangement equipment within LV-installations duration duration
MVisystem with .
sindle earth fault according to PE N-PE N A

< IEC 60364-4-442 L- - L- s
3 wirep, isolated TN, TT, IT Uy 0 Uy >>5 Some tens
3 wirep, resonant TN, TTb)
earthihg or ITa), c), d) Yo 0 Yo >>5 Some
3 wirep, impedance hundreds
earthifg TTa), ITb), e) <250 V g <250 V Uy >>5
Low impedance TN, TTb)
earthing ITa), c), d) Y 0 Yo <5 Some
hundreds
(Frande) TTa), ITb), e) <1200V + U, | <1200V Uy <5
TN, TTb)
3 wirep/direct ITa), c), d) Uo 0 Uo <5 Som¢
earthing thougands
TTa), ITh),"e) <1200V + U, | <1200V Uy <5
4 wireg, direct earthing Somé¢
(USA practice) ™ 2,45 Up 0 2,45 Up <5 thougands
NOTE|1 If there is no distinction made between TTa) and TTb), for example, but only stated for TT| this
meang that this subgctassification has no influence on the maximum r.m.s. stress voltages given in the tafle.
NOTE|2 U, is the nominal voltage line to earth of the low-voltage system.
NOTE|3 Foriovervoltages above 1,5 to 2 times U,, SPDs can be prone to failure or even destrugtion.
Therefore, ‘product standards for SPDs require that the devices fail in a safe way without endangpring
persons\ar/the risk of fire in such cases. This condition can be ensured by means of a suitable automatic
discortrettiondeviceacting-fora-shortduration-erpermanenth—such-as—a-dedicated-protective—device—alled
SPD disconnector.

NOTE 5 The information given in table 6 presents maximum values allowed according to IEC 60364; if earth
fault tripping is used in isolated or resonant earthing systems, fault durations less than 5 s can be obtained.

Temporary overvoltages could occur from the effect of ferro-resonance within a distribution
transformer when one phase of the incoming MV supply is lost upstream of any appreciable
phase-to-earth capacitance.


https://iecnorm.com/api/?name=b317ed2f1b82bfac1c908650aeb98500

-42 - TR 62066 O IEC:2002(E)

7.3 Temporary overvoltages due to defects in the LV electrical installation

7.31 Temporary overvoltages due to a short circuit between a line conductor
and the neutral conductor

After the transient situation, the magnitude of the short-circuit current is limited only by the
supply and building wiring impedances. The currents involved can be very high, ranging
between one hundred and tens of thousand amperes. A protective device operates to clear
the fault. During this period of a few milliseconds to a few hundred milliseconds, but in all
cases lower than 5 s, a temporary overvoltage condition occurs. The value of the overvoltage
can be calculated from the supply and building wiring impedances. The value of 1,45 Uy is
considered to be a representative upper limit (see IEC 60364-4-442). The conditions are very

imi mn-th f M lati f It t th | TN t
similardn ecaseofaninsulation fau o-ear na system-

7.3.2 Temporary overvoltages due to LV insulation faults to earth
After the transient situation, a temporary overvoltage occurs during such a fault.

— In @& TN system, earth faults can produce overvoltages comparablecio those occufring in
cirquits where the fault is between phase and neutral. Indeed, the return path to the ndutral of
thetransformer consists of a cross-section comparable to that of the.phase conductors.

— In B TT system, earth fault currents flow through the RE‘“-conductors and twg earth
ele¢trodes. These earth electrodes are separated, or at least not intentionally conpected.
Comsequently, the fault current remains relatively low. Thefault is generally cleared by the
res|dual current circuit-breakers. The corresponding.fevervoltage is considered to [remain
lower than V3 Uj.

— In @n IT system, the earth fault current in case of a first fault is very low: it[is the
capacitive leakage current of insulated conductors of the distribution system includfing the
insfallation, and of the filters in electrical@quipment. The first phase-to-earth fault is
unlikely to operate any form of protective device but will cause transients and estaljlish an
overvoltage condition close to the phase-to-phase supply voltage.

NOTE [Resonance phenomena can occur in IT~systems earth faults involving high reactances (fluorescgnt lamp

reactors,| motors, etc.), when the oscillating, ffequency (for the reactance of the circuit in series with thg¢ system

capacitafce) is close to the operating power frequency. This phenomenon can produce temporary overvoltages two to

three times the normal line-to-earth voltage; ;or even higher. This type of overvoltage occurs for all installations|supplied
by the sgme MV/LV transformer, and SPD.failures due to this phenomenon are experienced in some IT systems.

7.3.3 Temporary overveltages due to the loss of a live conductor

In threp-phase systems,-loss of any conductor can give rise to various conditions such as
unbalance, faults and.temporary overvoltages, that can indirectly result in transients. For example,
loss ofl a neutral/gonductor in an unbalanced star-connected supply can result in a temporary
overvthage condition where two phases attain the phase-to-phase voltage with respect to peutral.
This cgn causera fault and possible transients associated with initiation or clearing of the fault. In
that cage,it.is generally considered that the permanent stress voltage is the line-to-line vol{age.

7.4 Probability of occurrence and severity of harm
7.41 Temporary overvoltages due to faults between MV and earth

AC insulation faults to earth are likely to occur on overhead MV lines during thunderstorms or
due to other incidents. Failures due to temporary overvoltages need only be expected when
any of the main risk parameters occurs with a sufficient severity. These parameters are listed
below, together with the most adverse conditions which can occur:

— location of the MV earth fault: in the substation;

— earth fault current: due to adverse momentary system conditions;

— resistance of the substation earthing: at the upper end of the tolerance band;

— LV system configuration: TT-a;

— momentary condition of the stressed item: energized or not.
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As already stated in 5.2, when lightning strikes the MV system, operation of an SPD located on
the MV side initiates a current flow through the corresponding earth electrode. In many existing
networks, SPDs (“surge arresters”) are still of the air gap type and the surge current starts the flow
of an MV fault current at the power frequency, which is not interrupted at the first zero crossing.

Utilities strive to minimize the numbers of MV earth fault events to those associated with
severe weather conditions, such as thunderstorms, ice, and wind. If a substation has an
indoor location, measures to avoid earth faults can be most effective and earth faults can then
be considered as having a very low probability.

Medium-voltage system configurations are well defined so that their earth fault currents can
be predicted by calculation even though they vary depending on the location of the earth fault.
The cyrrent calculate N a Specific substation wi for the
determfination of the resistance of the earthing arrangement to comply with the requirements
of IEC |60364-4-442. This excludes the location of the earth fault to be a risk parameter. Other
paramgters, such as the number of temporarily switched-off feeders call for consideratipn only
if they |ead to higher currents for MV earth fault in the substation.

The aljove considerations regarding the occurrence of adverse conditions are the basis for
estimafing the probability of a harmful event in the LV system as a consequence of an MV earth
fault in|the substation. This probability of harm is one of the factors of the risk to be considgred.

If surge arresters are installed on the MV side, close to an¢(MV/LV substation, they njormally
decreage the number of earth faults. The current flow through(the SPD to earth is restricled to a
short sprge if the surge arrester is of the metal-oxide type.n case of gapped arresters, a short-
duratiop a.c. current follows. In case of gaps alone, an a:c»follow current occurs, to be clepred by
the MV|protective devices after a duration that depends _on the type of device used.

Among| the LV systems, the TT-a configurationfcommon LV and MV earthing system) is the
most cfitical. Generally, the rules of the utilities enforce the use of TT-b (separate MV pnd LV
earthing systems), and the TT-a configuration is not often applied due to lack of space or
difficull earthing conditions. In urban andZindustrial areas, the local earth at the condumer's
premises and the station earth are_usually closely linked in electrical potential due to
extendpd metal items like pipes *between the substation earth and low-voltage| earth.
Consequently a reduced voltage «drop is developed across the station earthing arrangement
which mractically extends to the user's premises.

Finally] the immunity spedcification of an item which is likely to be subjected to temporary
overvo|tages depends ©on-vits mode of application. An SPD, for instance, is permanently
energized, whereas, at the lower end of the severity scale, a portable tool is connected to the
LV system only far\a-very short fraction of its lifetime; in the latter case, the probability of
coincidence withlanr MV earth fault in the substation is then extremely low and the imimunity
specifigation is(likely to be correspondingly low.

7.4.2 Temporary overvoltages due to faults in the LV installation

The likelihood of LV insulation faults cannot be neglected in normal installations. This
possibility increases for old installations and equipment which is not permanently energized or
is installed in humid or polluted areas. Generally, insulation faults are more likely to occur
between active conductors and earthed conductive parts than between the active conductors
considered hereafter. The effects of these earth faults (voltage drops and in particular
overvoltages) affect the SPDs. These effects are determined by the location of the fault and,
in the case of a fault to earth in TT systems, the impedance to earth of the earth electrodes.

If the SPD has been selected with a maximum continuous operating voltage (MCOV, U,)
lower than the overvoltage generated by the LV insulation failures or the loss of a supply
conductor, the current flowing through the SPD increases very quickly and thermal destruction
of the SPD occurs. The effects of this failure are limited to the SPD itself by its incorporated
thermal protection. This SPD failure can then leave the installation or equipment without other
overvoltage protection.
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It is recognized that if the maximum continuous operating voltage (MCOV) of the SPD, Ug, is
chosen equal to or higher than 1,45 Uy for TN systems and higher than V3 Ug, for TT
systems, a tolerable risk of SPD failure and resulting loss of protection against overvoltages is
achieved in most situations. Furthermore, this tolerable risk can be obtained for lower Ug
values in some system configurations, or by suitable SPD designs. As noted in 7.3.2,
however, an exception is the case of an IT system where high values of MCOV might be
necessary because of resonance phenomena.

For the remaining cases, when the possibility of a loss of protection is deemed acceptable,
other risks have to remain covered; in particular, an appropriate protection against short
circuits should be specified by the manufacturer and requested by the end-user.

Concefning the loss of the neutral conductor, the overvoltage is independent of the jarthing
system|, but can reach values close to V3 Uj in a three-phase system, applied between line
condudtors and neutral. The overvoltage can reach 2 Uy in a single-phase, threetwire pystem
wheneyer the loads in each side of the neutral are not balanced; this overvoltage |s then
applied across an SPD intended for surge protection of loads connected lingsto-neutralf In the
case (f the loss of the neutral conductor, damage to the SPDs can lbe disregarnded in
compafison with the damages suffered by other equipment in the installation, as long|as the
SPD falilure occurs in an acceptable mode.

In IT systems, due to the occurrence of a voltage close to the line~to-line voltage after the first
fault, a[full protection of the SPD can be achieved, but only if\¥/¢ is chosen equal to, orl higher
than, V3 Ug. Note, however, that other equipment have _probably been selected similgrly. As
noted In 7.3.2, resonance phenomena can occur for-€arth faults in IT systems having high
reactances.

7.5 Recapitulation on temporary overvoltage

Temporary overvoltages are a type of abnoermal event which is extremely difficult  if not
imposslible — to prevent in the normal coutse of operation of a power system. The propability
of such occurrence and the levels of overvoltages that can be reached depend on the|design
of the [power system. This design is-generally determined by overriding system constraints
other than the consequences of .applying an overvoltage to an SPD.

Therefpre, SPDs have to suffer the consequences of an overvoltage, and various sc¢narios
are posgsible, ranging fromian SPD selected with a high MCOV that will make it imnjune to
most tgmporary overveltages (but at the price of diminished surge protection), down t¢ a low
MCOV|selected by,a-wish to provide surge protection with low limiting voltage for loads
perceiyed as needing such low limiting voltage, but at a greater risk of destruction under
temporary overvoltage conditions.

This djlemma cannot be solved by mandatory practices imposed by one of the |parties
involved\in” the design, operation, and protection of power systems and connected| loads.
Rather, the situation requires cooperation among the parties, recognizing the limitations of the
technology and weighing the options and consequences, depending on the specifics of the
installation and its mission.

8 System interaction overvoltages

8.1 General

The title of this technical report might imply that its scope is limited to the occurrence and
control of overvoltages in a.c. power systems. However, it is also necessary to consider
another type of overvoltage associated with interactions between two different systems, such
as the a.c. power system and a communications system, in particular during the flow of surge
currents in one of the systems.
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This consideration of an interaction is necessary because field experience has demonstrated
that equipment failures are often summarily — and incorrectly — attributed to a surge impinging
on the power port of a multi-port equipment, a power-line surge in the language of the media.
The fact of the matter is that the stress on the equipment which produced the failure (upset
can also occur at lower stress levels) is the result of the flow of surge current in one of the
systems, either inherently, or as a side-effect of the flow of surge current resulting from the
intended diverting action of an SPD.

Understanding the nature of the phenomenon is important because the system interaction
stress can occur even if both ports of the equipment — power and communications — are
protected by SPDs, one at each port or upstream in the systems raising expectations of

o S C = ! = Occurs,
will be
found, [not in providing improved SPDs installed separately on each of the potts, |but by
understanding the interaction scenario and providing effective remedial measuresto gddress
that strless.

8.2 nteraction between power system and communications systeém

As eleftronic equipment enters the home and business environment more and motre, this
often ipvolves a communications port as well as the usual power-cord port. Typical expmples
involvimg a connection to the power system and the telephone system are a pérsonal
computier (PC) with modem connection, or a fax machine. Although each of the power and
commuynications systems might include a scheme for pfotection against surges, thg surge
curren{ flowing in the surged system causes a shift in the)potential of its reference point while
the reference point of the other, non-surged system\¢temains unchanged. The differgnce of
potentipl between the two reference points appearsvacross the two ports of the PC/modem.
Dependling on the nature of the PC/modem and._its immunity, this difference of potentfial can
have spme upsetting or damaging consequenges:

Figure |23 illustrates the example of a PG equipped with a modem powered from a |branch
circuit \which includes a protective earth conductor, with a three-wire cord that bornds the
chassig to the earthing point of thespower panel. The modem is connected to a telgphone
outlet jn the room, wired to a rotective device installed by the telephone company at
the telgphone service entrange\(called Network Interface Device (NID) in North American
practicg).

For a Worst-case scenario — often encountered — the power service and the telephone gervice
enter the house at oppaesite ends of the house. In such a situation, the earthing connec¢tion of
the NID is made.te.'the nearest point of the earthing system, typically a cold wat¢r pipe
(obsolgte practicg), a dedicated earthing wire, or an equipotential bonding conductor. I either
case, the length-of this earthing connection can be substantial. The result can be a large shift
in the nefenénce potential during the flow of surge currents.

The very same scenario applies to other equipment connected to the power sysiem and to the
telephone system, such as a fax machine or an answering machine. The difference, however,
might be that a PC/modem is often assembled by the user or by a retailer from uncoordinated
elements often obtained from different manufacturers, while the fax machine or answering
machine are designed from the start as one unit. In the case of the PC/modem assembled
from these uncoordinated components, immunity against the shifting reference potential is not
assured. In the case of the fax machine or answering machine, one might expect that the
design, under a single organization, should anticipate and make provision for these reference
shifts. Field experience, however, indicates that problems still occur. Annex D provides further
details on this example.
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Figure 23 — PC/modem connections to the power system
and to the communications system

8.3 Dther interactions

A similar scenario can develop for a TV receiver or VCR, with"the power supplied [from a
branch| circuit and the video signal supplied from a CATV system or a satellite dish |ocated
outsidg the house. The difference would be that, instead of the symmetrical and bdlanced
configyration of a telephone pair, the video signal is carried-by a coaxial cable for whlich the
shield would be the prime carrier of any surge current. Fhe same observation as that mpade in
the prgceding paragraph applies to the TV or VCR, the pfroduct of an integrated desigr rather
than uphcoordinated assembly of separate components. Nevertheless, with the fasf-paced
evolutipn of satellite antenna systems for consumer applications, coordination of efarthing
practicgs appears a difficult goal to reach.

Another scenario can unfold in facilities>;such as an industrial installation where process
controll and sensor signals are carried -by separate systems other than the power sysfem on
which this technical report focuses. Mitigation possibilities include provision of suitable| hybrid
multi-pprt SPDs, as discussed in annex D, as well as good earthing and cabling pract|ces as
descriljed in IEC 61000-5-2.

8.4 Recapitulation on_system interactions

Systen interactions ocCcur at the interface of two different systems, such as the power gystem
supplying equipment, with its needs for power, and a communications system supplyjng the
signalg to be processed by the equipment. This multi-port equipment can be expdsed to
overvo|tages occurring not only in differential mode at each of the ports, but also betwgen the
reference tefminals of the two ports.

Itis e ; . “W-=Ya C
the effects of th|s phenomenon often unrecognlzed or mcorrectly attnbuted to one of the
systems, leading to unsuccessful attempts at mitigation applied separately at one or
both ports.

9 Observations on surge overvoltages and failure rates

9.1 General

The preceding discussions of overvoltages have presented quantitative information on these
phenomena, based in part on theory that makes assumptions on the prevailing situation, and
in part on measurements. Field measurements can only reflect local conditions at the time of
the measurement; laboratory measurements can only provide conclusions based on the
assumptions underlying the experimental set-up.
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Notes have been included in this report, that broad generalizations from limited data should
not be made without some caution. Such caution is more a qualitative than quantitative
process, calling for a reconciliation between predictions on the frequency of occurrence of
large surges and the reality of field performance of equipment that are subject to the surges
that actually occur in their environment.

Another qualitative caution is the reconciliation between the conclusions drawn from the sometimes
simplified assumptions made for computations and the basic laws of physics. Any conclusion based
on these simplifications, generalizations, or assumptions, which does not match reality, should be a
call for caution on the validity of these simplifications, generalizations, or assumptions. Therefore,
the following observations are presented as a measure of experience-based caution. They do not

purport to rlnn\]/ the occurrence of Iargo surges, but nnly to cnggncf that these Inrgn surge do not

occur as frequently as the limited available information might suggest.

9.2 Using field failure data

Unfortynately, there are no extensive failure statistics available for LV equipment, and it is
difficull to estimate the failure rate in an objective way. Nevertheless\,some investigations
made py insurance companies [29], [11], based on their internal{statistics, indicate that
equipment failures (video equipment, refrigerators, etc.) occur _relatively frequently|during
thundefstorms, especially in areas with overhead LV distribution.Indications are alsq found
that mlnor damages caused by leakage currents occur without breaker or fuse opegration,
producjng the ultimate failure hours or days after the initial surge event. The reasons for these
equipment failures include

— instifficient surge capability at the equipment power port;

— lack of insulation coordination;

— agqging of equipment;

— sysfem interaction, in particular for videgiequipment (see clause 8).

While [manufacturers are sometimes=reluctant to publish their failure data, anecdotal
information does often transpire to'\provide some indication on the success (survival) of
generi¢ equipment under actual field conditions. If the surge immunity levels, or failure|levels,
of thede equipment are known,<one can make inferences on the order of magnitude| of the
frequemcy of occurrence of surges above that immunity level. A high rate of failure occyrrence
would [ndicate a corresponding rate of occurrence of surges above that level. When the field
experignce shows in fact a low failure rate, one can infer an equally low rate of surge
occurrgnce above the(equipment failure level. However, that inference should be tempgred by
the fact that failure.data are not systematically collected nor published by manufacturerg.

One example of-such inference is the historical record of incandescent lamp failures attribufable to
surges |- over,and beyond the normal end-of-life of these lamps. The qualifier “historical” is attached
to the i ference because nowadays the prol|ferat|on of SPDs and load equment with a ectifier-

of two to three tlmes the peak voltage of a power system [9] [37], [1]. Invest|gat|ons on the failure
mode and levels of incandescent lamps [4] have shown that a typical threshold above which
incandescent lamps fail is between 800 V and 2 000 V for 120 V lamps, and between 1 800 V and
2 200V for 230 V lamps, depending on the energy-delivery capability of the impinging surge. The
higher the energy-delivery capability, the lower the threshold.

From this observation, one can infer that the rate of occurrence of surges above these thresholds in
the line-to-neutral mode (the usual connection of lamps, as opposed to line-to-earth mode, which is
the concern of insulation coordination) was not high, as the generally acceptable life rating for lamps
in LV systems is being achieved. The relationship between energy-delivery capability of the surge
and the threshold of failure is also consistent with earlier discussions, where it was noted that
surges with high energy-delivery capability (such as surges from direct flashes) are considerably
less frequent than surges with low energy-delivery capability (such as induced surges). This
inference was valid before the proliferation of SPDs, and should remain valid as the mechanisms at
the origin of surges have not changed in spite of the proliferation of SPDs.
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Another example of observation relevant to the frequency of occurrence of large surges is the
apparently low failure rate of metal-oxide varistors in LV systems, according to existing
knowledge. Very high numbers of these devices have been installed since their introduction in
the mid-seventies. While anecdotal failures have been reported 1), the vast majority of these
varistors is claimed to operate successfully when applied in an environment commensurate
with their known capability, although these claims might lack the strength of a solid statistical
basis. Proposals for requiring general immunity to large surges (IEC 61000-4-1) were not
consistent with the known (and limited) capability of typical varistor ratings. Therefore, the
inference could be made [19] that these proposed requirements for general requirement of
immunity to large surges were not supported by actual experience — another observation
applicable to discussion of the frequency of occurrence of large surges.

It should also be noted that the large surges that have been discussed, especially inclause 5,
are prgspective overvoltages, assuming no voltage limitations by the system itself_In|reality,
the lafge overvoltages will cause flashover and/or operation of SPDs iny\the uptilities
distribytion system. Accordingly, there are practical voltage limitations in the-supply pystem
that, to| a great extent, will reduce the number of large surges in the users ipstallations.

9.3 Recapitulation of observations on failure rates

Although extensive and objective data on failure rates of LV equipment clearly attribuffable to
overvol|tages are not available, some inferences on the freqUency of occurrence of large
surges|can be made from the available data. There is no conflict or contradiction, only [a need
for caltion, between the expectations of surges resulting from the phenomena descrjbed in
clause$ 5 and 6 on the one hand, and the limitation et their occurrence discussed| in the
present clause.

As stated in the introductory comments to this.clause, the preceding experiencg-based
examples do not infer that large surges do netoccur at all. There are also many angcdotal
historigs of SPD failures due to inadequate ‘capabilities, occurring at locations where high
stressgs are imposed. Information from-well-documented case histories can be ysefully
applied to the future applications of SPDs:

10 Considerations on system outage/equipment failure/fires

10.1 General

SPDs pre installed in~pewer supply systems to ensure protection of equipment by |imiting
overvo|tages and thus” enhance the reliability of the system. This clause provided some
perspective on the' consequences of inadequate surge protection, which rangé from
momerjtary interference to massive failure.

Reliability ,of“an end-user operating system involves two distinct considerations:

— avoiding interference (upset) in the operation of the system;
— preventing permanent damage to the system equipment and components.

For many situations, interference in the operation of equipment by an overvoltage cannot be
mitigated by SPDs because the interference is associated with the frequency spectrum of the
disturbance and the response of the equipment to this frequency spectrum, rather than the
amplitude of the overvoltage. Generally, SPDs act upon the amplitude of the overvoltage, not
their frequency spectrum. Another way to describe this situation is to state that interference
can occur during the rise of the surge voltage or surge current, before the voltage reaches the
level at which the SPD will intervene. On the other hand, SPDs are widely applied for
protection against permanent damage, enhancing the reliability of a system when selected in
the appropriate manner, a topic that will be discussed in clauses 11 and 12.

1) Furthermore, anecdotal (undocumented) information tends to attribute the majority of these (rare) failures to the
occurrence of temporary overvoltages rather than to large surges.
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10.2 Avoiding interference in system operation

The impact of interference in the operation of an end-user system depends on the type of
end-user, ranging from annoyance to severe economic consequences. Avoiding such
interference is essentially the goal of EMC considerations in system design. In the language
of EMC, the term disturbance is reserved to the concept of a change in the electromagnetic
environment in which equipment operates, and is not used to describe a malfunction of an
equipment, an event that non-EMC engineers would readily label disturbance. Hence, the
heading of this subclause uses the term interference to avoid the ambiguity of disturbance
when EMC specialists interface with non-EMC engineers.

Briefly, the essence of EMC is to ensure a sufficient margin between the level of
electromagnetic_disturbances In the environment In_which equipment operaies on.the one
hand, jand on the other hand the immunity level of equipment to these disturhances.
Furthefmore, the equipment should not introduce disturbances above an agreed-upon Igvel. In
the context of the present technical report, emphasis has been on defining.the conducted
disturbpnces taking the form of overvoltage control, primarily surge protectiof

Other phenomena are involved in producing electromagnetic disturbances, which ¢an be
mitigated by different approaches including reduction of the distdrbances at their $ource,
mitigatlon of those over which there is no control — lightning being the prime example, and
increaging the immunity of equipment either by raising its ibherent immunity level or by
providing an interface — such as an SPD when the disturbance is'a conducted overvoltgge.

Clause|5 contains information on how disturbances in thé environment associated with lightning
events [ultimately interact by direct injection of current/into the power system — a conducted
phenomenon in EMC terms — or by inducing overvoltages in the power system circuits — a
radiatel phenomenon in EMC terms. These considerations are discussed in the vagt EMC
literature and in the IEC 61000 series. Annex Fpfésents examples of avoiding overvoltages and
the reslilting problems by application of sound,EMC practices that do not involve the use off SPDs.

10.3 Preventing permanent damage

Application of SPDs is generally focused on the second consideration, prevention of dgamage
caused| by the amplitude and energy-delivery capability of a surge (involving the duration of the
surge) while the interference generally reflects the parameters of the front of the surge. When the
situatiop involves an overvoltage resulting from inductive effects associated with a surge currgnt, the
rate of purrent change — the\front of the surge — is the relevant factor for the resulting overvoltage.

Of codrse, preveniing permanent damage can also be achieved by raising the ipherent
immunlty level of/the equipment. This is the approach suggested in IEC 60664-1 where the
equipment withstand voltage is defined and several categories of withstand levels are
identified, as discussed below.

It shoutdt—be—kept—im—mind,—owever,—that—insutation—withstand—generatty refers—to—over oltages
occurring in the line-to-earth mode (a form of common mode), while sensitive electronic components
are generally connected line-to-neutral (also described as differential mode). Neutral grounding
practices, which vary from country to country, also play a role in the relative levels of surge stresses
in the common mode versus the differential mode. For instance, in TN systems, the bonding of the
protective earth neutral and earth at the service entrance prevents further propagation of common
mode surges impinging upon the installation by converting them to differential (line-to-neutral)
surges. Many IEC publications defining surge environments, such as IEC 61000-4-5 suggest that
immunity tests should have a level for common mode surge higher than that for differential mode.
This situation does not occur in a TN system, but the overvoltages to be expected in a TN system
are generally lower compared to a TT system, due to the multiple earthing of the neutral conductor.

Notwithstanding these subtle differences, the following paragraphs summarize the approach
taken in IEC 60664-1, where a direct relation is established between equipment impulse
withstand voltages and an overvoltage category assigned to the equipment. This relation is
independent of the geographic location of the equipment in the installation of interest.
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The overvoltage category, which characterizes the impulse withstand level of equipment,
allows the classification of equipment and their selection according to the necessity of service
continuity and an acceptable possibility of harm. Jointly with the preferential rated impulse
voltages, they make possible the achievement of an appropriate insulation coordination for
the whole installation, reducing the possibility of failure to an acceptable level and providing a
basic overvoltage withstand capability.

A higher level of overvoltage category indicates a better withstand of the equipment and
provides wider choice of a method for overvoltage protection. After their front, for which
characteristic impedances prevail, overvoltages of atmospheric origin are not subject to
significant attenuation downstream from the service entrance when relatively high impedance
loads are connected on the branch circuits. Studies show that it is reasonable to use
probabilistic analysis to evaluate the need for a protection.

Protecfive measures may have been taken inside the equipment. In this case} infoymation
should| be provided by the manufacturer to allow appropriate assessment.ofi‘the n¢ed for
further|surge mitigation. Misguided perceptions on the surge environment can-lead to cpunter-
productive inclusion of inadequate SPDs, decreasing the overall system reliability| Some
electropic devices, in particular those with switch-mode power supply-that include a large
input chpacitor are an example where little is gained over inherent immunity and much|can be
lost whHen SPDs that are unsuited for the environment are incorporated in equipment just for
the saKe of quoting some enhancement of surge immunity.

10.4 Costs of surge-related interruptions and failures

In casq of surges occurring in an installation and equipment not protected by SPDs, th¢re is a
higher | probability that the equipment will be damaged, or that the power supply |will be
interrupted by the operation of the protection devices (for example RCDs) of the instgllation.
Four types of events can be involved with cost<related consequences.

a) Sernvice degradation or loss of service: Disruption and damage cause operfational
difflculties to business. Service dégradation can have a qualitative element fthat is
additional to direct financial losses.)For example where extensive automation or computer-
baded operation is involved, reversion to manual operation can be virtually impossiljle.

b) Logs of operations: This eost covers the real-time expense of service unavailability of
equlipment, computers, communications, and information technology systems ingluding
asspciated losses of .operational revenues and/or business productivity. Critical systems
sugh as emergency(services, certain central information systems, etc. can have vefry high
dirgct and indirect_expenses associated with loss of operations. Commercial entgrprises
los¢ direct revenuie through down time. Expected time to repair and restore operatipns will
depend uponfavailability of staff, spares, procedures and information.

c) Repair orreplacement of equipment or facilities: This cost is the expense of physical
damage, )'including equipment replacement and direct and indirect expenses of

cannot be associated immediately or directly with a lightning storm or switching event at
the time of failure. Increased expenses of routine or preventive maintenance can result
from such cumulative effects.

d) Emergency services: Damage of equipment or injury to people can necessitate use of
emergency services such as fire, ambulance, police, etc. which are an expense to a firm,
person, or community. Breakdown of fire alarm systems and emergency services
telecommunications decreases the efficiency and credibility of such services.
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To calculate the interruption and failure costs, these types of events need to be addressed,
depending of the use of the installation. Typical parameters to be taken into account for
interruption (outage) cost estimation are

— season in which it occurs;

— type of day (weekday or weekend);

— start time;

— dur

ation;

— total or partial loss of service.
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have to be addressed and options for the mode of operation of the SPD discopnector

be considered.

SPD disconnector is in series with the SPD and the combination is in shunt vy
er supply. Opening of the SPD disconnector removes the failed SPD from the
malintains continuity of the load, albeit unprotected.

ith the
system

b) Thg

SPD disconnector is in series between input and output ports of the SPD. Opeghning of

the

SPD disconnector removes the failed SPD and the load from the power supply.

c) It may be possible to use two SPDs in parallel, each provided with a separate SPD
disconnector: one of the SPDs will fail first and be disconnected, but the second one will
maintain protection, with time allowed to make a replacement. (This option may be
appropriate for surges, but does not work for TOVs.)

Clearly, the option to be selected depends on the mission of the facility, cost of equipment left
unprotected, and all the associated intangibles. Furthermore, there is the issue of overcurrent
protection coordination between the SPD disconnector characteristics and the upstream
overcurrent protection existing in the installation.
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— The SPD disconnector, internal or associated with the SPD in line with it, can operate
before the overcurrent protection devices of the installation operate. In this case, the SPD
failure will involve the choice a), b) or c) described above

— The SPD disconnectors a) or b) above are not fast enough to operate before the
protection devices of the installation. In this case, power supply is interrupted when the
SPD has failed. Additional devices, such as an automatic reclosing circuit-breaker can be
used to solve this problem, but in some cases the SPD disconnector is perhaps not yet
open, leading to another opening of the protection device of the installation.

A more detailed discussion of these options for failure modes can be found in SPD product
standards such as IEC 61643-12.

10.5

Recapitulation on outages and failures

All of the tangible cost parameters depend on the type of installation, process invelve
conditipns, etc.

In addi

scope ppf this technical report to attempt a presentation of numerical)data on costs,
trade ljterature is replete with industry-specific examples. Facilityndesigners and p
should|be made aware of the generic considerations discussed in(this clause.

1

11.1

Considerations on the use of surge protection

Seneral

Providing surge protection at a given installation is*a decision that only the installation
can make, either as the result of some local mandatory regulation, if any, or on the b
informed decision. Two significant elements in‘this decision-making process are the foll

— Theg perception of the need for protection, depending on the type of installation, the
eqyipment, its purpose, and an assessment of the risks.

i, local

fion, the intangible costs are by definition difficult to assess. Therefore, it is beyond the

out the
anners

owner
asis of
owing.

type of

tection

— Thg trade-off of protection against the severe but rare direct stroke, versus prd

inducing overvoltages into“the circuits of the installation, or by injecting currents
striking the MV or LV systems at some distance from the installation. A similar trad
apglicable to switching overvoltages.

11.2

agdinst less severe but more frequent indirect stroke. The latter can occur ei{mer by

Power system configuration

Regarding directyand induced surges on the power lines, overhead lines are more e

than

shielddd from exposure. Furthermore, the consequence of a direct lightning stroke
underground line is likely to be permanent damage rather than the insulator flash
an overhead line which can be cleared by the system circuit-breakers.

hrough
-off is

kposed

to an
bver of

Llj{derground cables. However, one should not conclude that underground lines are

Overhead lines on the top or sides of high hills or mountains are more susceptible to direct
lightning flashes than similar lines in valleys and areas of lower natural exposure. In addition,
low-rise overhead lines might be shielded from direct flashes by adjacent taller objects. For
example, measured values on MV networks show that the number of direct flashes to the line
can be considerably reduced when this line is surrounded by tall trees.

A coefficient in the risk analysis should take care of both phenomena (topography: coefficient
higher or lower than 1; surroundings: coefficient lower than 1).
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In the case of a system where the power is supplied to the consumer via underground cables,
two different cases should be considered.

a)

b)

Direct flash to the building: Only part of the total lightning current flows to the e
system of the building. The rest of the lightning current exits the building via the
supply cables to other buildings of the same LV power system (see 5.7).

arthing
power

Direct flash to the soil, close to the building: Cables leading to another building can be

hidden at the point where the direct stroke contacts the soil. Consequently, part

of the

lightning current flows along the inner conductors and/or the shield of the cable. This

current flow produces a potential difference between the active lines and local earth

h their

Underground cables can be influenced by direct flashes to the ground especially throu
sheath{which will offer a path of lower resistivity compared to the ground itself andth
lead thjs surge to the installation. Induced surges on underground cables exist, but.the
a lowef probability than that of overhead lines and they are in general negligiblé|comp!
nearby| direct flashes to the earth. Underground cables should then be addressed spe
in the nisk assessment method.

The prpbability of a direct flash to the phase conductors or of an induCed overvoltage i
phase |conductors is not influenced by the system earthing, but ‘the magnitude
overvo|tages is. For the same flash density, it seems that al{TiT system is subje
overvo|tages with a magnitude about three times that of a TN system.

11.3 Types of installation

a)

pes of installation may be considered. In the.fifst three: residential; small and n

Regidential installations: Equipmentgsuch as personal computers, audio and

the|equipment itself.

Smpll or medium commergcial' or industrial installations: In addition to equipment
outpge costs have to be addressed. In case of a home-based business, it shg
considered as a smallkkcommercial activity.

Large commercial-aor“industrial installations: The same parameters as those of
insfallations have .t0 be addressed, but the number and cost of equipment invo
much larger./invaddition, the consequences are more important and the weight
parameter iS'then more important.

Crifical sinstallations: In addition to financial consequences, a transient overvolta
dirgctly 'cause life hazard (hospitals), indirectly cause life hazard (petrochemica

en will
y have
ared to
cifically

nto the
of the
cted to

hedium
lure or
ot only

video
bltages

need to be considered. Attention should also focus on consequences, in addjtion to

failure,
uld be

smaller
lved is
of this

ge can
plant)

and/aor’environmental hazards (mmlpar ar petrochemical plant)

11.4 Occurrence of surges

General information on the occurrence of lightning surges and switching surges has been
given in clauses 5 and 6 respectively.

Clause 5 provides general information on the occurrence and point of impact of lightning
strokes on the structure of interest — be it a building or the power system lines. Additional
details are provided in annex A.
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The probability of direct flashes to a building is given by multiplying the equivalent collection
area of the building by the lightning flash density of the area. These parameters and the
related computations are discussed in detail in IEC 61024-1-1. The probability of direct
flashes to the lines is given in the same way. The collection area is calculated as three times
the height of the line multiplied by its length. The probability of induced surges on the lines is
given typically by figure 10.

The occurrence of switching surges has been discussed in clause 6, emphasizing that local
conditions can vary over a wide range. Annex B provides further details. These conditions,
imprecise as they are, should govern considerations on the application of SPDs in these local
conditions.

The og¢currence and severity of temporary overvoltages (TOVs) have been discugsed in
clause|7. It is generally not possible for an SPD to mitigate a TOV, given the enérgy-delivery
capability of a power system TOV. Therefore, the selection of an SPD should take into
considgration selecting a protective level appropriate to the trade-off between’the prgsumed
(and ppssibly unnecessary) benefits of a low protective level but involving)the risk of TOV-
induced failures, versus immunity against TOVs but at a higher protectivelevel [41].

11.5 $PD disconnector

Becauge it is unrealistic, for economic and practical reasons, {o" provide an SPD cappble of
withstanding all possible scenarios of surges, provision shall be made for a rare but not
imposgible failure of SPD components. To guard against unacceptable consequendes, an
SPD djsconnector is generally specified, with the choice determined by the nature|of the
installgtion as discussed in 10.4.

There [are three basic functions which are néeded according to SPD standards spuch as
IEC 61p43-12 to disconnect the SPD from the\l:V power system in case of failure of the| SPD:

— thefmal protection;
— shdrt-circuit protection;
— profection against indirect contact.

These |three functions are associated with different failure modes of the SPDs and|reflect
differefrl:;( needs of protection of the SPD circuit. A single SPD disconnector might be gqapable
of performing these three functions or it might be necessary to provide up to three SPD
disconpectors to cover)the three functions. Some other disconnecting functions might be
needed, for examplénin situations where very high temporary overvoltages are likely to pccur.

The digconnecting devices can be fitted inside the SPD itself or associated to it (in s¢ries in
the loafd-carrying lines, or in the SPD branch). Some functions may be performed by th¢ back-
up pro be located at a certain distance from the SHD. The
choice lefdises g—ee SPD branch—or—inline—with—the—mains—depehds on
coordination with other overcurrent protection devices and on the need for continuity of power
supply versus continuity of surge protection. An SPD disconnector can be an ordinary fuse, a
circuit-breaker or an RCD, or a device especially developed for this application. SPDs have to
satisfy the requirements of, and be tested according to, the relevant standards, such as
IEC 61643-1.
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11.6 Risk assessment

The purpose of risk assessment is to help in the decision whether or not the protection is
required and, if it is, to select the proper measures of protection to limit the risk below a given
value, defined as the tolerable level of the risk. The following subclauses deal with protection
against transient overvoltages due to lightning striking directly a structure or the ground near
the structure, or the incoming power supply lines (see figures 1 and 2), and also switching
overvoltages originating in power supply networks or in the user installations.

11.6.1 Risk associated with lightning

Depending on the local environment, type and extent of the low-voltage distribution system,
lightning flashes to other buildings or structures in the neighbourhood can also~produce
overvo|tages of similar magnitude. These kinds of overvoltages are discussed in 5.7) tpgether
with their probability of occurrence.

a) Lightning current of direct flashes to the structure can affect the electrical(installatigns and
the|equipment internal to the structure. This effect occurs through resistive coupling (for
exgmple, due to earth termination impedance or cable screen_resistance) or through
inductive coupling due to loops formed by the installations¢@r  bonding conductors.
Overvoltages arising through these couplings can cause

— |a discharge between internal installations and metallic parts with a consequence of fire
of the structure and/or its content;

— |a failure of the installations and equipment internakto the structure.

b) Lightning current of flashes to the ground surrounding the structure can affect the
electrical installations and sensitive equipment through resistive and magnetic field
coypling. Overvoltages arising through thesé.couplings can cause failure of elgctronic
systems internal to the structure.

c) Lightning flashes to or near the lines. supplying the structure can cause overvpltages
which penetrate into internal installations and equipment.

Direct flashes to the line conductors can cause overvoltages which could trigger a
discharge between internal installations and metallic parts (in particular at the pervice
entrance panel of the.line into the structure if the front is steep [32]) |with a
consequence of fire{ of the structure and/or its content. Furthermore,| these
overvoltages by direct.flashes to the line can cause failure of internal installatigns and
equipment.

Flashes to ground near the line can induce overvoltages which can be transmijtted to
the internal.installations and can cause failure of electrical and electronic equipment.

The asjsessment)of the risk due to lightning is treated in IEC 61662. According to IEC [61662,
the risk is defined as the probable annual loss (human and goods) in a structure [due to
lightning/ The effects are considered for both lightning striking directly a structure and for
lightning\to ground near the structure. The effects of lightning striking directly the line
supplying the structure or striking the ground near the line and causing lightning overvoltages
(induced overvoltages) are also treated in that technical report.

11.6.2 Risk associated with switching overvoltages

Switching overvoltages can originate outside the internal installations and be transmitted by
the supply line, or they can be created inside the structure when the installation includes
equipment generating these overvoltages.
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As discussed in clause 6, there are two types of switching overvoltages.

a)

11.6.3| Types of damage

Repetitive overvoltages (intentional operation of circuit breakers, switching of capacitor
banks). These occur quite frequently, initiated by a manual or automatic intervention. Their
frequency of occurrence ranges from several in a second (welding) to a few per day
(capacitor switching). The parameters of these overvoltages, as well as their potential
effect on equipment are in general known or predictable, based on experience. The
decision to provide protection is then based on a deterministic analysis and in general no
risk analysis is necessary.

Random overvoltages (fault clearing and system recovery). Their frequency of occurrence,
rather low, is not known but statistical results discussed in clause 6 and annex B provide
some—information—toward a risk assessment nnalyeie Their magnihlr‘ln and—effect on
eqyipment are not defined for specific installations. Therefore, the decision t0) provide
protection is likely to need a risk analysis.

A lightning stroke can cause damage depending on the characteristics of.the structure,|among

which the most important are:

type of construction;

contents and application;

seryices and lines entering the structure;
measures taken for limiting the risk.

Moreoyer, the damage might be limited to a part of:the structure or might extend to thg whole
structure and might even involve the surrounding“structures or the environment (for edample,
chemidal or radioactive emissions). For practical’applications of risk assessment it is ugeful to
distingpish the type of damage which can appear as the consequence of lightning stroke. Four

types ¢f damage have to be distinguished,-Aamely:

If

los$ of human life;

los$ of services to the public;

los$ of cultural heritage;

los$ of economic values: ‘'structure, content and loss of activity.

one |of the first three_types of risk is present, the decision to take protection mgasures

should|not be made at-the designer's discretion. This decision should be made by comlparing,

for each type of risk;*the risk due to lightning with a maximum tolerable value.

If the r|sk issolely economic, the decision to adopt protection measures may be taken|by the
designer on_the basis of purely economic convenience, by comparing the annual cost|of any
protectionvmeasures with the annual cost of probable loss due to lightning, taking into gccount
not only the loss of the structure and of its content, but also the consequences (for example,
loss of activity).

11.6.4 Data required for risk assessment

For the assessment of the risk the following data are required:

lightning flash density of the region where the line and the structure are located;

type, characteristics and length of the line (overhead or underground; MV or LV);
characteristics of the structure supplied by the line; type and characteristics of the content;
type of internal installations;

characteristics of equipment (rated impulse withstand voltage);
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— protection measures provided against overvoltages;

— protection measures provided against the propagation of the fire;

— Cos

t of the equipment damage;

— amount of the consequential loss and social and environmental impact of damage;

— measures to limit the consequences of equipment damage (for example, redundancy of
electrical system, alternative power supply line, etc.).

11.7 Recapitulation on the need for surge protection

The need for surge protection is influenced by objective as well as subjective factors.
Objective factors can be expressed through a risk assessment, but ultimately the selection of
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characteristics and requirements for SPDs, an assessment of SPD effectiveness, coordination
among multiple SPDs, and compatibility with other protective means. See also annex F for
examples of overvoltage control accomplished by sound EMC practices rather than by
application of surge protective devices.
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12.2 Surge protective devices in power distribution systems
12.2.1 Function of an SPD

The SPDs considered in this document are those installed external 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 IEC 61643 family.

An SPD can fail or be destroyed when surges are larger than its designed maximum [energy
and discharge current capability. Failure modes of SPD are divided roughly in ‘epen-circuit
mode and short-circuit mode. For an open-circuit mode the system to be (protected is no
longer |protected. In this case, failure of the SPD is usually difficult to dete¢t becausg 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 mgde the
system is severely affected by the failed SPD. The short-circuit .€urrent flows throygh the
failed $PD from the power source. Thermal energy can be produged there and can resyult in a
fire hazard before burning out and open circuit.

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

NOTE |n this subclause, the term “short-circuit mode” is used./If the short circuit were in fact zero impedgnce, the
situation| would be less difficult than it is for typical voltage=limiting SPDs where this so-called “short-circyit mode”
is a subgtantial lowering, but not to zero, of the impedanc¢e: There can be sufficient residual resistance in the failed
SPD to [imit the current to a value that might or might*not cause operation of an overcurrent protectivg device.
Even if he overcurrent protective device does operate, its time response might be such that significan} heat is
generatdqd in the residual resistance of the fajled SPD, all in a confined space, with the potential| of high
temperajures being produced.

12.2.2| Classification of SPDs
SPD product standards specify-classification characteristics such as:

— number of ports: one-0ttwo;

— degign topology: voltage switching, voltage limiting or combination;
— clasgs I, Il andARtests (see IEC 61643-1);

— locdtion: indoor or outdoor;

— acdessibility: accessible, non accessible;

— molnting method: permanent or portable;

— SPD disconnector: location and function;

— back-up overcurrent protection: specified or not;

— degree of protection provided by the SPD enclosure.

The above choices are in fact linked to the technology and are defined by the manufacturer.
The main components of SPDs belong to two categories:

— voltage-limiting components: varistors, avalanche or suppressor diodes, etc.;

— voltage-switching component: gaps in air, gas discharge tubes, silicon controlled rectifiers,
etc.
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Based on these components, the basic SPD designs are

single-voltage limiting component: limiting type SPD;
single-voltage switching component: switching type SPD;
combination of different technologies: combination type SPD.

Many SPD designs cannot be defined by a simple arrangement of basic components. They
could incorporate indicators, disconnecting devices, fuses, inductors, capacitors and the like.
Another way to describe SPDs is to use the terms one-port SPD, two-port SPD, or
combination multi-port SPD, as defined in clause 3.

12.2.3| Electrical characteristics of SPDs

Proper|selection of an SPD requires knowledge of the following characteristics,~as)defined in

SPD product standards of the IEC 61643 family:

12.3 Basic system characteristics for SPD selection

makimum continuous operating voltage and continuous operating current;
temporary overvoltage withstand versus time curve;

nominal discharge current (only for Class | and for Class |l tests);

Imgx for Class Il tests and /iy, for Class | tests;

Up¢ for Class Il tests;
Up voltage protection level,

durpbility;
failire modes;
shart-circuit withstand;

makimum continuous load current (for4wo-port SPD or one-port connected in line with the
mains);

volfage regulation (for two-port SPD).

This slibclause provides guidance on the general concepts involved in applying SRDs for

protection of a power system. Additional details are provided in annex E.

12.3.1| Systems.and equipment to be protected

In addition the) nominal voltage of the system, one of the relevant parameters for
characjerizing "a power distribution system is the type of system earthing (TN-C,| TN-S,
TN-C-$, AT5IT). Concerning the electrical installations, it is recognized that the wide |variety

of intended use be grouped in four major categories:

protected installation including sensitive equipment such that a protection against
overvoltages, at least galvanic separation and appropriate cabling, is provided in any
case;

current-using equipment in normal applications (domestic and light industry);

equipment for the fixed electrical installations in normal applications (domestic and light
industry);

special conditions where one or more of the possible disturbances are atypical but where
also some expectations exist related to the continuity of service. Examples of such cases
are the heavy industry and in the electrical installations of buildings, equipment connected
to outside lines, from the point of view of overvoltage surges.
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Equipment serving as part of a complete electrical system is affected by the surge
overvoltages and surge currents in different ways. Among those, the main characteristics
which are concerned are:

— dielectric insulation withstand;
— the immunity to electromagnetic stresses.

Insulation stresses can cause a failure of the insulation which can result in damages such as
insulation faults to earth, short circuits, damage to equipment, fires, etc. Safety requires that
all equipment have a minimum withstand to such stresses. This issue is detailed in
IEC 60664-1: test methods are specified, in particular the 1,2/50 ps voltage impulse.
Howev i i ified i -1. which
can ledd to different results for equipment, depending on their impedance.

Electromagnetic stresses generally result in malfunctioning, loss of stored -.data or even
to electronic components. A minimum immunity to many electromagnetic stregses is
ary for proper functioning of equipment. This immunity is specified. in the IEC| 61000
series py means of numerous types of stresses with the corresponding tést‘methods.

Immun|ty levels are also described in the IEC 61000 series for the-use of product commnittees.
The lafter choose the appropriate immunity level according to thevintended use of the product
and its| expected environment. Guidance for typical electromagnétic environments is diven in
IEC 61P00-2-5.

12.3.2| Selection of SPDs according to stresses
12.3.2.1 Lightning overvoltages and overcurtents

In mos} cases lightning surges are decisive for.the energy requirements of SPDs. Knowledge
of the waveshape and the current (or voltage) amplitude of the lightning surges is negessary
to define the stress (energy deposition)limposed upon the SPD and to be sure that the
expected voltage protection level is achieved by the SPD. The keraunic level discussed in 5.2
is often considered to define the sevVerity of a location. However, this keraunic level is not a
very sgtisfactory criterion for deciding whether to use an SPD or not. A better criterion|is that
of cloyd-to-earth flash density (flashes per km? and per year). Modern lightning dgtection
systems can provide such information with reasonable accuracy.

In somg particular situations, even if the supply is provided by an underground cable, the use
of an §PD may be recommended to provide protection of the installation. This occurs when

— thelactual struCture or other structures in the vicinity are exposed to direct flashes;

— thellengthiof the cable is not sufficient to provide adequate separation (attenuation) of the
insfallatien from the overhead part of the network;

h' £ 4 o + + + Jo 4 <l 4o Jo ol ] | h MV
- Igh—sturgesoratmospnertrcortgimcan—oeexXpectet ontne overneada mme—supprymg-tne

side of the transformer connected to the installation;

— an underground cable can be affected by direct lightning in the presence of high soil
resistivity;

— the size or height of the building powered by the cable is large enough to significantly
increase the risk for direct flashes to the building.
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The risk for direct flashes to other incoming or outgoing services (telephone lines, antenna
systems, etc.) that can affect the power system, should be also considered.

NOTE 1 IEC 60364-4-443 considers that if the installation is supplied by an underground cable or if it is supplied
by an overhead line when the keraunic level is below 25, there is no need to use an SPD except if the acceptable
risk depending on the utilization of the installation is exceptionally low. However, even though the supply is
provided by an underground cable, this cable is not always sufficient to provide the protection of the installation
especially in the cases of direct lightning and nearby lightning which are not considered in IEC 60364-4-443. This
is why the supply by an underground cable cannot be used alone to determine the need of an SPD. In addition, the
variation of magnitude of the surges occurring on an overhead line depends on the keraunic level, the line
configuration, the period of the year, and so on. This is why a value of 25 for the keraunic level cannot be used
alone to determine the need of an SPD. Risk analysis has to be performed. This analysis should be based on the
probability of incoming surges and the economic balance between protection and consequences.

NOTE 2 _Many buildings can be supplied from the same supply system, Then, SPDs may be recommended for
electrical installations within any of these buildings.

For thg purpose of assessing the current distribution through SPDs in case of ditect lightning
to the|structure equipped with an external lightning protection system, itis,”in general,
sufficignt to use the resistance of the earth electrodes, for example, earthingyof the bpilding,
pipes, parthing of the power distribution system, etc. Figure 24 shows a typieal example¢ of the
sharing of the current.

Ring earth electrode

wall
100 % strikipg~&| 50 %

the building > Il'
O %
17 % Metallic water pipe 0

e 17 %

(= R
— / —y 7
—— Bonding bars \Metallic gas pipe
/ [SPD -
0O SPD

]
{

ng)\ Sum =16 %
Phase ,N (50)

Neutral
8% 8%

Electric power line

IEC 1661/02

Figure 24 — Example of diversion of lightning current into
the external services (TT system)

NOTE 3| The'lightning impulse current combines two key parameters. The first is the fast rise time which fis useful
for detefqmining the voltage value due to inductive effects. The second is the long duration which essentially refers
to the available energy in the stroke. High-frequency effects are not present in this later period, allowing the
resistance to be used for calculation of current distribution.

Where an individual evaluation (by calculation for example, as illustrated in 5.7.1 and in
annex A) is not possible, it can be assumed that 50 % of the total lightning current 7 enters the
earth termination of the lightning protection systems of the structure considered. The other
50 % of the current is distributed among the services entering the structure, such as: external
conductive parts, electrical power and communications lines, etc. according to the ratio of the
earthing impedance associated with these services. In figure 24, it is postulated that the three
services offer equal earthing impedance.
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In the case of a shielded power or communications cable, both ends are bonded to earth
directly or via an SPD. In this case, part of the lightning current carried by that cable will flow
in the shield as well as through the inner conductors. The sharing among conductors depends
on the cable construction as well as on the surge parameters [5], [31]. In all cases, SPDs
should be installed as close as possible to the shield bonding point.

12.3.2.2 Switching overvoltages

These stresses, in terms of energy-delivery capability and voltage, are usually lower than the
lightning stresses. However, in some cases, particularly deep inside a structure or close to
switching overvoltages sources, the switching stress could be higher than those stresses
caused hy lightning It is necessary to know the energy-delivery capability of these switching
surges| for selection of the appropriate SPDs. The time duration of the switching) surges,
including transients due to faults, fuse operations, and capacitor switching can.bg much
longer |than the lightning duration. It is therefore difficult to specify generdlly-applicable
paramgters. Site-specific studies might be necessary.

12.3.2.3 Temporary overvoltages (TOV)

An SPD can be exposed to a TOV during its lifetime that exceeds\its maximum continuous
operating voltage. The temporary overvoltage capability of the SPD has two dimepsions,
magnitude and time.

a) Forl the magnitude of the maximum TOV that can ,oceur in the system, consideration
shquld be given to the following factors:
— |operating voltage of the LV power system;
— [configuration of the LV power system (single-phase, three-phase, etc.);
— [number of distinct earthing electrodes;
— |earth coupling of the MV power system;
— |coupling of the MV-/LV-system.

b) For| the time duration of the TOV.that can occur in the system, consideration shquld be
givén to these factors:

— [fault location (MV/LV distribution system or LV installation);
— |protective devices_used to clear the fault.

Additiohal factors cah ,be important in cases of nearby HV pylons or railway tragcks for
example.

12.3.3| Steps-for selection of SPDs

The sqglection of a suitable SPD requires several steps, as illustrated for example |by the
boxes In‘the chart of figure 25, Details of these considerations are given in annex E. The final
step in the procedure, which is the coordination between the selected SPD and other SPDs, is
discussed in 12.5, with additional information in annex E. This coordination is one of the
major considerations of this technical report.
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Figure 25 — Considerations required for the selection of an SPD
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12.4 Considerations for installation of SPDs
12.4.1 Possible modes of protection

When the equipment to be protected has a sufficient overvoltage withstand or is located close to
the entrance panel, one SPD alone can be sufficient. In this case, the SPD should be installed as
close as possible to the entrance of the structure and have sufficient surge withstand capability.
Typical examples are given in annex E. Table 7 lists the pairs of conductors between SPDs can
be connected for the power system type in use for a particular installation. However, all these
protection modes might not be necessary. The choice depends on several factors, such as:

— the type of equipment to be protected (for example, if the particular appliance is not
proyidedwith—am earthimgconductor, time-to-eartit or neutrat-to-earthprotectiom mjght be

not|necessary); ,
— the|withstand of the equipment according to the different modes of protection;
— the|power system type as shown in the table and the specific earthing practices;
— lasf but not least, the characteristics of the incoming surge, to the extent that they|can be
deflned.

Note that the installation of SPDs on the utility part of the network, before the point of
entrang¢e to the end-user installation or before the demarcation, between the utility and user
respongibility, should be carried out with the agreement of the“electricity supplier, or perhaps
by the pupplier.

Table 7 — Possible protection modes

SPD connected Power system type

between: T TN-C TN-S IT
Line and neutral X X Xa
Line and PE X X X
Line and PEN X
Neutral and PE X X Xa
Line to line X X X X
a  When the neutral is distributed.

Suitable measures, should be taken to limit inductive coupling between unprotected and prptected
parts df the installation. The mutual inductance can be reduced by separation of the ipducing
source|and the.victim circuits, limitation of loop areas and selection of the angle of the Igops. In
genera|, it (is)'better to separate the protected wires from those which are not protegted. In

additionsseparation from the earth conductor is desirable. In all cases, measures should bg taken
to avoigmmmmﬂmbammmm i i fcatt :

12.4.2 Influence of oscillation or reflection phenomena on the protective distance

When an SPD is used to protect specific equipment or when the SPD located at the entrance
panel cannot provide enough protection for some equipment, SPDs should be installed as
close as possible to the equipment to be protected. If this distance is too large, oscillations or
reflections could lead to voltages appearing at the equipment terminals higher than the
protection level expected by the provision of the entrance SPD. This situation could cause a
failure of the equipment to be protected in spite of the presence of the SPD. An acceptable
distance (called protective distance) depends on SPDs type, type of systems, steepness and
waveform of the incoming surge and connected loads. Oscillations at the natural frequency of
the circuit can be excited by the step function of the incoming surge. Reflections at the end of
the branch circuit occur in accordance with the classic transmission line theory involving the
relationship between the line characteristic impedance and the terminating (load) impedance.
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In particular, voltage doubling is only possible if the equipment corresponds to a very high
impedance load or if the equipment is internally disconnected. In general, oscillations or
reflections may be disregarded for distances less than 10 m. Sometimes the equipment has
internal protective components, such as varistors that significantly reduce oscillations and
reflections even at longer distances. Care is necessary in this case to avoid coordination
problems between the SPD and the protective component inside the equipment.

NOTE It is generally not sufficient to use an SPD close to the equipment to be protected. For EMC reasons, it is
better to divert the surge current at the service entrance of the building in order to avoid electromagnetic
disturbances due to the surge currents. Furthermore, to protect the installation (avoid flashover between
conductors) it is better to install the SPD at the entrance of the installation. If necessary, another SPD close to the
equipment should be installed if the equipment is not within the protective distance of the SPD installed at the
service entrance. Coordination studies are then necessary, as discussed in 12.5.

12.4.3 | Influence of the SPD connecting leads

In ordegr to achieve an optimum overvoltage protection, connecting conductors of SPDs|should
be as short as possible. Long lead lengths or significant loop area formed by{the conphecting
leads will add an inductive voltage to the protective voltage of the SRDs, degrading its
performance. Many references are found in the literature that imply that/lead length is the
signifigant factor, but overlook the loop area aspect. In an actual Situation, the prqgtective
voltagg impressed on the equipment will be the voltage established\ by the limiting a¢tion of
the SPP, augmented by the voltage induced in the loop area formed by the connecting leads
(figure|26).

NOTE For the example represented by this figure, with a typical standard/impulse wave, di/ds is highest [near the
beginning of the impulse. In the case of lightning impulses, the highgst di/ds can occur close to the crept value.
This remark, however, does not decrease the importance of ensuringsoptimum lead configuration.
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Figure 26 — Effect of additional connecting lead on the limiting voltage of a varistor
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12.5 Coordination among SPDs and with equipment to be protected

002(E)

When two or more SPDs are present in an installation, there will be a mutual interaction of the
SPDs, and if these are not properly selected, there is a risk of overstress on the less powerful
protective device. In principle, the SPD with the lower protective level will tend to draw the
higher current, due to its lower effective impedance. However, the location of the SPDs in
relation to the part of the installation in which the surge is generated, the surge steepness and
duration, as well as the impedance between the SPDs are all significant to the sharing of

current

and energy stresses.

In order to explain this phenomenon and to illustrate the importance of the surge current
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Figure 27 — Basic model for energy coordination of SPDs
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12.5.2 Assessment of coordination

The five basic different ways of assessing the coordination of two SPDs are:

a)

12.6 Recapitulation on surge protéction application

Application of preferred SPD combinations

For the users, this is the most convenient variant as the burden of demonstration is
incumbent upon the SPD manufacturer. However, this approach implies either that a sole
source manufacturer be selected, or that standard methods be developed to allow
determination that candidate devices from different sources are in fact equivalent.

Coordination computation

By means of computer simulation, complex systems can be examined and ametric

evgluation performed over a wide range.

Application of the let-through energy concept

In this concept, some decoupling impedance is postulated in the upstream” SPD| and a
computation is performed for converting the SPD characteristics on.the basis| of an
egyivalent combination wave generator. A comparison can then be made with the [energy
withstand capability of the downstream SPD [27]. This method is deseribed in mor¢ detail
in dlause E.8 (see tables E.5 and E.6).

CoIrdination test

A full-scale test is performed with candidate SPDs, for a postilated decoupling impedance
and a range of surge currents such that blind spots,if* any, are revealed. Candidate
deVlices may include voltage-limiting SPDs, voltage-switching SPDs, or combinatign type
SPD (voltage-switching SPD + voltage-limiting SPDy:
Simplified rules with margin

Simplified tables including margins for the coordination of some typical SPDs may He used
wheén no other data are known from the SPD manufacturers. The values given in these

tables are based on sufficient margins to,cover discrepancies between manufacturgrs and
mapufacturing tolerances. Examples-of’'such tables are given in annex E.

Succegsful application of SPD&.\requires consideration of many factors, which have been
briefly [described in this clause.)Many designs of SPDs are available, so that it is possible to
select |a design that matches the surge environment in which the device is to perfprm its
protective function. This-selection process involves several steps in which the charactgristics

of the ¢andidate SPD are‘assessed:

cogrdinate theymaximum continuous operating voltage of the system and of the SPQO;
codrdinate the temporary overvoltage of the system and of the SPD;
codrdinate the SPD surge-handling capability to the surge environment at the point pf use;

codrdinate the SPD protection level and the surge withstand capability of equipment to be
protected;

consider the consequences (failure mode) for the rare case of excessive stress;

ensure that no undesirable side-effects occur under normal or abnormal power system
operation;

coordinate the SPD response to surges with the operation of overcurrent protective
devices;

coordinate the operation of the candidate SPD with other SPDs in the installation;

ensure that the topology and dimensions of connections do not degrade the SPD
performance.
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Annex A
(informative)

Complementary information on lightning-related overvoltages

A.1 Additional data on lightning parameters

Table 2 in clause 5 summarized the parameters of lightning flashes. Other percentiles for
these parameters are given in the comprehensive plot of IEC 61312-1 in the form of frequency
distribytion plots for the following parameters:

— pedk current Iax (figure A.1);

— totgl charge Oiotal (figure A.2);

— transient charge Qirans (figure A.3);

— specific energy W/R (figure A.4);

— makimum slope of transient current (di/d¢)max (figure A.5);

— slope of transient current (di/d¢)3q/90 o Of negative subsequent-strokes (figure A.6).
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A.2 [Prospective overvoltage example

For illugtrative purposes, the simple circuit of figure A is considered. A flash is assumed tp occur
at a pogle close to the mid-point of a 150 m overhead line connecting a residential houge to a
distribution transformer. The postulated current magnitude is 50 kA peak, with a 2/50 ys wavegform.

é 50 kA, 2/50 is
1

Z

75'm 75m

P

IEC 1671/02

Figure A.7 — Simplified example with lightning flash to overhead LV line

Flashokers ta all conductars and to earth occur immediately at a pole close to the point of
strike, and it is assumed that the earthing resistance at this pole is 10 Q. Furthermore, it is
assumed that the distribution transformer is protected by surge arresters and that the earthing
resistance at this point is 5 Q. At the consumer installation the neutral is assumed earthed
through a resistance of 10 Q. Finally, in this example where the prospective voltages are
considered, it is assumed that there is no SPD nor any significant load in the consumer
installation and that the insulation is such that a flashover will not occur. The installation is
approximated by a single capacitance of 10 nF.

Figures A.8 and A.9 show the computed prospective voltages at the four nodes of figure A.7
for the assumptions listed above. In figure A.8, the highest voltage occurs at the point of
strike (node 1) and the lowest voltage at the transformer (node 2), as a result of the lower
earthing resistance of that node. In figure A.9, the prospective voltage of the live conductor
(node 4) is shown, together with the voltage at node 3, already plotted in figure A.8. Clearly,
in a real situation, these voltages would result in an immediate flashover.
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Figure A.9 — Prospective voltages relative to true earth at node 3 and at node|

kv
400 1
300 + Node1 (308,0 kV)
/O
200 + \ Node 3 (156,0 kV)
P /"\n. P
100+ /S ———
/" Node 2 (122,4 kV)
0 L , . . ,
0 6,25 12,5 18,75 2500 Time ps

IEC 1672/02

A.8 — Prospective voltages between line and true earth at point)of strike (n
at the transformer (node 2) and at the neutral conductor
in the consumer installation (node 3)
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A.10 shows the)computed currents to earth for the scenario of figure A.7. Af
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Figure A.10 — Current to earth at the point of strike (node 1), at the transformer (node 2),

and at the consumer installation (node 3)
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A.3 Surge propagation in MV systems

As an example of the coupling and propagation of lightning surges, this clause summarizes
measurements performed on a typical MV system (20 kV) in France (where the ground flash
density is about 2 flashes per kmZ2 per year). Figure A.11 shows a histogram of the peak
magnitudes recorded at the primary of an MV/LV transformer.
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Figure A.11 - Distribution of overvoltage peak magnitudes
recorded at the primary of @n"MV/LV transformer

The foljowing typical quantitative values were recorded for lightning flashes to MV systems.

a) Most of the overvoltages on MV systems were generated by induced surges.| Direct
lightning to line conductors or system structures were only about 3 % of the observed
surges.

b) Of B30 surges recorded in-one year, only 10 surges had a magnitude higher than 70 kV
and could be attributed to direct lightning on conductors or structures.

c) A typical MV/LV transformer can be submitted each year to 75-150 surges having [a peak
vallie between 20 kV_and 70 kV, and 6 surges reaching a peak value higher than 70 kV.

d) Sunge arresterstrated 70 kV operated for about 4 % of the lightning overvoltaged, while
80 kV rated ain.gaps operated only for 2 % of the lightning overvoltages.

e) The recorded wave front duration appears independent of the surge peak value. A mean
vallie of this duration is 55 ys. The probability that a wave front duration be longer than
15 Lslis 90 %.

A.4 Statistical distribution of lightning overvoltages in an LV installation

A comparison was performed between the results of measurements reported in [51] and a
simulation by EMTP modelling with Monte-Carlo statistical method. Figure A.12 shows the
modelled system, consisting of a 100 kVA distribution transformer supplying a four-conductor
line 1 km long, 6 m above earth and 0,3 m apart. The MV line is taken as 2 km long to
account for direct flashes to the MV line with transfer through the transformer.


https://iecnorm.com/api/?name=b317ed2f1b82bfac1c908650aeb98500

-74 - TR 62066 O IEC:2002(E)

Assuming a flash density of 2,2 flashes per km? per year, over a collecting area of 20 km x 30 km
surrounding the line, the Monte-Carlo run was made for 1 000 000 flashes, which would take 670
years to accumulate to that number. The magnitude of the strokes was distributed according to
that given by CIGRE [3], [10]. Direct flashes to the line were not counted, but assumed that they
produce overvoltages above 20 kV, the upper limit of the distribution in figure A.13. In figure A.13,
the results of the computation are identified as ANASTASIA [52]. Four points from the Popolansky
field data [50] are also shown on the plot.

In the higher overvoltages part of the plot, the difference between the computation and the
measurements can be explained by the fact that in the LV installation, flashovers can occur
before the 10 kV level is reached, decreasing the incidence in the measured data versus the
computed-data-

MV LV
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Figure A.12 — Circuit used for the'statistical computation
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Figure A.13 — Comparison of measured overvoltages [51]
and computed overvoltages (ANASTASIA)

A.5 Lightning current dispersion among parallel installations

When lightning strikes a structure which is one of several supplied in parallel by a LV power
system, the earth-seeking current divides among the various paths available. These include
local earth — the building earthing system — as well as distant earth points, through any and all
metallic paths, primarily the power supply cable. To quantify this dispersion, an example is
given in figure A.14 of two buildings supplied from a substation where building 1 is struck by
lightning as defined in IEC 61312-1.
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At building 1 of figure A.14, the injected current ij,, flows from the air-termination system
through the down-conductor to the earth-termination system (P1). At that point, the lightning
current divides into two components, igarthing flowing into the local earth, and ipains flowing
through the power supply cable toward the distant earth. These two currents divide according
to the inverse ratio of the impedances at (P1). In the initial phase of the impulse current, the
current division is determined by the ratio of the inductances, while in the tail, where the rate
of change is low, the division is determined by the ratio of the resistances as in (A.1):

iMains/iEarthing = REarthing/RMains (A-1)

With several buildings strung in parallel, the effective resistance Rpains decreases, which
means[according to (A1), thatthe portiom of the tightningcurrent—thatflows—imto the LV
system will increase when more buildings are connected into the string.
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Figure A.14 5 Model for computing dispersion of lightning current
among parallel buildings (TN-C system) [24]

At the point of cehnection of building 2 to the system cable (figure A.14), the lightning current
comingd from_building 1 and carried by the power system cable is still seeking eafth and
divided in, two' components, one entering building 2, the other flowing toward the trangformer
station|whiere an earth electrode is also available. In a TN-C system, the three-phas¢ cable
include i . Mains i itding 2 is
carried by all four conductors, with the PEN current directly fed to the earth electrode by way
of the bonding bar. In this manner, the current flowing in the PEN provides some relief for the
three SPDs provided at the service entrance, each carrying a third of the current ig entering
the building through the active conductors.
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Figure A.15 shows the waveforms and amplitudes of currents at Building 1 and Building 2.
From top to bottom traces, the lightning stroke current ij,, (postulated at 100 kA peak), the
current ipajns carried away by the power cable, the current igarthing flowing directly into the
Building 1 earth electrode, and the total current ig in the three SPDs of Building 2. It is
important to note that in this example the service entrance SPDs of Building 2 are each
stressed with a peak current of more than 8 kA, even for a distance of 100 m between the two
buildings. This situation is explained by the fact that the 100 m of cable add only 0,1 Q to the
path of ipmains Which flows through the two earthing resistances, each 10 Q, of Building 2 and
the transformer station. The model results also show that the ratio of the two inductances in
the path force an initially larger current through the earthing electrode of Building 1 but that,
after the inductive effects have subsided, the currents do indeed divide according to the ratio
of the earthing resistances

NOTE |n the computations for the example of figure A.14 (and of figure A.16), all capacitances (wiring)\¢aples and
equipmelnt) are neglected. If the involved capacitances were included, some oscillations would-be)seen on the
oscillogrems. However, these oscillations are of minor practical importance for this study, in. which thg current
dispersign among the various conductors is the main issue.

1]
0 50 100 150 200 250 300

Time s IEC 1679/02

Figure A.15 — Dispersion of lightning current among the paths defined in figure [A.14

The pdrtial lightning current*flowing in each earthing electrode leads to a voltage rise|across
the impedances, appgearing between the local earth and the active lines L¢, Ly, and L3 of
building 2. To illustrate-this situation, computations were also performed with the samg model
of figureSA.M4, except that no SPDs were provided at the service entrance of
building 2, as shown in figure A.16. For that situation, as shown in figure A.17, the| model
indicated a prespective surge voltage of 200 kV peak (Ug in figure A.16) between each of the
nductors and the PEN conductor. In an actual situation, this high voltage| would
a flashover or other failures in connected equipment. Figure A.17 also shows the
t—the—earthingetectrodesof buitding—tand buitding2Note—thatafter-the—initial part,
where inductance has some influence, the current can be expected to be equally divided
among the three earthing electrodes of the two buildings and the transformer station, which
have been postulated to have the same earthing resistance.
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Similar modelling of lightning current dispersion for a variety of neutral earthing configurations
was also performed and reported in [31]. The modelling reported above was conducted using
the well-known PSPICE programme, while the Mansoor modelling was conducted with the equally
well-known EMTP programme. Good agreement was found between the two simulations [5].

As a general conclusion, the higher the density of buildings in an area, the greater the portion
of the lightning current flowing to earth through the incoming LV power system cable of the
building being struck. This conclusion has implications for the building being struck as well as
for adjacent buildings.
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Annex B
(informative)

Switching overvoltages

Lightning overvoltages described in clause 5 and annex A are mainly based on theoretical
calculations, and the concept of prospective overvoltages (no inherent voltage limitation) was
introduced in that context. In contrast, for switching overvoltages, extensive theoretical
studies in the different existing low-voltage systems have not been found in the literature, and
are alsg difficult to perform. Instead. data have been obtained from recordings of transients as
they dccur in existing systems, from staged field tests, or from simplified labpratory
experiments.

General considerations on the occurrence of switching overvoltages have heén presented in
clause(6. In this annex, greater details are provided on the mechanisms leéading to switching
overvo|tages, on the measurements (monitoring) of switching overvoltages as they ofgcur in
actual |low-voltage a.c. power systems, and on staged measurements conducted on| actual
buildings or somewhat simplified laboratory experiments.

a) Clause B.1 describes the mechanism by which switching ovefyvoltages can be exacgrbated
by fransient resonance in some circuits.

b) Clause B.2 presents a brief review of a special type‘of switching overvoltage asspciated
with the switching on or off of capacitor banks.

c) Clause B.3 describes the mechanism by which fuses can produce substantial overvpltages
when clearing a fault.

d) Clause B.4 presents an overview of the res@lts from transients monitoring projects.

e) Clause B.5 gives some insight on the propagation of switching overvoltages obtained by
injdcting standard surge waveformsinto an installation model or into an actual bpilding.
(thgse findings are also useful for-considering the propagation of lightning-related |[surges
imginging at the service entrance)-

f) Clause B.6 reports some_exdmples of switching overvoltages observed in labpratory
experiments involving circuit’/breaker operations.

g) Clause B.7 reports some examples of switching overvoltages observed in labpratory
experiments involving)fuse blowing.

B.1 |Transienttresonance

The frequenty*of the oscillations during switching operations is determined by the system
characteristics, and resonance phenomena can sometimes occur. In such cases, vefy high
overvo|tagés can be initiated. The probability of resonance with harmonics of the| power
frequency of the system is usually low. If the characteristic frequency of a switched part of a
system is close to one or more resonant frequencies of the rest of the system, however, a
state of transient resonance can also occur. In order to illustrate this behaviour, consider the
example shown in figure B.1. The resonant frequencies of the two loops of the circuit are
similar. Furthermore, the impedance of the first, driving part is low compared to the second
loop. For high frequencies, frequency dependency of the system losses must be considered in
order to obtain realistic results. The resistances shown on the figure are assumed to be
representative for the resonant frequencies of the circuit studied.
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Figure B.1 — Example illustrating transient resonance caused by switching

The calculated voltages at the circuit nodes are shown in figure B.2. The oscillation frequ
very high compared to the power frequency voltage, and this voltage (node 1) is\prd
constant in the time interval studied. Part a) of figure B.2 shows that a typical maodulatio

place.
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a)

The modulation frequency is basically determined by the differenc¢e) betwe
cies of the two circuit loops. The details of the transients are seen in part'b) of the f
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Figure B.2 — Calculated overvoltages at the circuit nodes of figure B.1

The probability of occurrence for such overvoltages in a low-voltage system is low but the
phenomenon should be noted. Also, it is noteworthy that a voltage magnification can occur for
higher harmonics as well (3rd, 5th, 7th, etc.) of the characteristic frequencies of different parts
of a system.
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B.2 Capacitor-switching overvoltages

B.2.1 Energizing an isolated bank

Capacitor-switching overvoltages are an important type of switching overvoltage in some
locations where the utility or the end-user applies capacitor banks for the purposes of power-
factor correction or voltage control. These banks are switched on or off either at fixed times of
the day, according to a predictable load profile, or at random, according to the need
determined by a sensing control system.

Recent field observations of capacitor switching transients have shown frequencies as low as
a few Hundred hertz (IEEE 1036). Furthermore, the source impedance of a capacitorswitching
surge depends to a large degree on the amount of kvar being switched, compared.foythe base
kvar of|the system.

Figure |B.3 shows an example of the overvoltage recorded on a distribution(system bus| during
capacifor energizing. Usually, this type of overvoltage, with levels inthe range of|1,2 to
1,7 p.ulV per unit is not of concern to utilities because the peak magnitudes are just below the
level af which the surge protective devices (SPDs) in the utilities Systems begin to operate.
Becauge of the relatively low frequency, these overvoltages will pass through the distfibution
transfofmer and appear in the LV systems. There, SPDs with rglatively low limiting vpltages
might become involved in attempting to clamp a capacitor switching surge of high amplitude,
and be|in jeopardy if the source impedance is low.

210
-1,5

0 10 20 30 40 50 60 70
Time ms
IEC 1685/02

Figure B.3¢=Typical overvoltage occurring during capacitor bank energizing

A low-frequency (relative to the 100 kHz ring wave or combination wave) capacitor-switching
surge ¢an_deposit high energy into an SPD because of its long duration and low frequency.
The low frequency Tesults m fow attenuationm by fine mductance, so that the effects of
inductance, which are very significant when considering the propagation of microsecond-type
surges, are generally far less significant when considering capacitor-switching surges [35].
For instance, in a low-voltage installation, an SPD installed at the end of a branch circuit will
practically be exposed to the same surge as that experienced by the service-entrance
arrester. Depending upon the relative limiting voltages of the two SPDs, coordination between
the two devices might or might not be achieved.
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B.2.2 Voltage magnification

The phenomenon of resonance was discussed in clause B.1 for an example of high
frequencies and low values of capacitance (nanofarads). Resonance can also occur for the
low frequencies and the large capacitances (millifarads) involved in an industrial installation.
Figure B.4a shows an example of circuit where the phenomenon can occur, and figure B.4b
shows how a 1,88 p.u. initiating transient causes a 4,65 p.u. overvoltage at the second
(remote) location. Parallel-connected loads will experience that overvoltage.

C1 = Switched capacitor
3.0 1,88 p.u. max.
0 Edn_ v M N
Y LYY A L VY
-3,0
10 MVA .
4,08 % 10 % =] C2 = Remote capacitér
(100 MVA base) 2 30 4,65 p.u. max.
(0]
> 0
2 Mvar %
T 2
50 Mvar f‘[_ =
= IEC 1686/02
0 25 50 75
Time ms IEC 1687/03
Figure B.4a — Magnification condition Figure B.4b — Voltage magnification effect

Figure B.4 — Magnification of capacitor switching overvoltage
at remote bank (IEEE 1036)

Possible occurrence of capacitor-switchinlg surges should be considered when SPDs are
exposgd to an environment near large, switched capacitor banks. The ambiguity, howgver, is
in defining what the qualifiers of near"and large mean. At this stage of experience, it|seems
that broad generalizations are_.risky, and the phenomenon is best considered on g case-
by-case basis, depending on(the local conditions. When there is no magnification inpolved,
special consideration in the selection of SPDs might not be necessary, except apoiding

unjustified low limiting veliage, as demonstrated by the low incidence of problems [in that
scenar|o.

On the|other hand,"the voltage magnification scenario might be quite rare but if encountered,
other ftemedialmeasures (detuning, switching in steps, resistance insertion, etc.) will be
necessary to-cofrect it because energy-absorbing SPDs do not have the capability to|handle
the level of.energy exchanges involved in such scenarios.

B.3 Switching overvoltages produced by fuse blowing

Fuses are widely used in distribution systems and in electrical installations for protection
against overcurrent and for interruption of short circuits. If a fuse is operating in a distribution
system to clear a short circuit, the fuse has to generate a counter-voltage with a value above
the instantaneous line voltage.
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This overvoltage is also transmitted via the busbar to other equipment supplied from the same
distribution system. For fuses which are operating faster than protective switchgear and thus create
a higher overvoltage, figure B.5 shows the general conditions, which are explained as follows.
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Figure B.5 — Principle of overvoltage generated by clearing a short circuit

At timg ¢4, the short circuit occurs and the voltage Ug across the fuse is zero until the fuse
elemernt melts at_time ¢, and an electric arc occurs. When the arc voltage Ug has reached a
voltagg level which is equal to the line voltage reduced by the inductive and resistive yoltage
drops, |the short-circuit current I has reached its peak value. In the time periodq ¢3, it
hes zero the faster the higher the arc voltage is during 73. The power consumption of
stem loads has only a minor effect on this mechanism because its internal resjstance

B.4 Monitoring of switching overvoltages

Overvoltages recorded in wide-scale field measurements are seldom correlated with power
system disturbances, switching surges, or lightning events. Therefore, these measurements
yield only the combined effects of all the phenomena, not just the switching overvoltages,
although in some measurements, the absence of lightning activity at the time of the recorded
event was reported. Measurements have also been conducted in real systems during staged
switching tests, but the results are then limited to the particular conditions of the test. An
interesting development in the technology of lightning location detection is now emerging, with
the support of insurance companies, for the purpose of reconciling claims for lightning
damaged appliances with the actual occurrence of lightning strokes in the area. Such pin-
pointing of lightning events might eventually allow separating lightning-related surges from
switching surges among the results of overvoltage monitoring projects.
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On the other hand, all overvoltages in actual systems are limited by the insulation withstand
level of the system and of the connected equipment. In addition, SPDs installed in the system
(and also built-in SPDs incorporated within connected load equipment) will limit the measured
voltages [37]. This significant change in the power system conditions, emerging in the early
eighties and now well established, should be borne in mind when considering the numerical
values cited in the most recent surveys. For future surveys, researchers would be well-
advised to consider monitoring the currents that a surge event might produce in a candidate
SPD to be installed at the point of interest, rather than monitoring the voltages that only
reflect the mitigation of nearby SPDs.

Monitoring transient overvoltages has been done by many researchers since the 1960's. The
assessment—of c\A/ifr\hing n\/nr\/nlfngnc n—low \/nlfago installations rnqnirne Inng_time
measufements and their statistical evaluation [8], [38], [51], [20], [43], [44], [21], [42]([47], [2],
[49], [94], [9], [1]. These measurements were first performed with oscilloscopescand ¢tamera
systemls until the mid-eighties, and are now performed by use of automatic recarding systems
based pn digital storage oscilloscopes or on entirely digital data-collecting systems.

The repsults, of course, are influenced by the maximum measurable amplitude and |by the
bandwidth (corresponding to the maximum measurable rate of rise) of/the measuring gystem.
In [51]] [43], 44], a rather large bandwidth (20 MHz) was used but the maximum measgurable
amplityde was only 3 kV. In [47] and [49], the bandwidth was only)5 MHz, but amplitudes up
to 5 k\ could be measured and surges with larger amplitud€s” could be recorded. [Today,
systems with both higher bandwidth (50 MHz) and maximum measurable amplitude (>6 kV)
are being used. In addition, the results are greatly influenced by the location of the megasuring
system|, the kind of installation, the total measuring timé.and many more parameters.

Another factor which has to be taken into account.s that the measurements were corlducted
in diffgrent systems (TT or TN) and the reparied results are line-to-local-earth fof some
surveys, but line-to-neutral for other surveys.

In [8] the survey was conducted with peak-detection counters installed in various locafions of
the Unjted Kingdom. While representing an early attempt at characterizing the envirgnment,
limitind the data to peaks only — ng information on waveshape — was a limitation, unavpidable
for the[type of portable field instrumentation available at that time. Nevertheless, the fijndings
were ugeful to draw attention fo the phenomena.

In [38]] two stages of manitoring in North American systems were reported. One invo¢lved a
simple|level detector{ a-simplified version of the Bull and Nethercot instrument, cappble of
countirlg transient_occurrences above 1 200 V or above 2 000 V. For those locations| where
such ogcurrences)were recorded, an oscilloscope-camera system was then installed.[ These
oscillogcope-camera systems were also used to check locations where equipment failujes had
been regported=>The results of the monitoring indicated that a small percentage of locations —
those pot, selected because of reported problems — did (in the 1960s) experience| a few
voltagq surges above 1 200 V, and very few above 2 000 V. On the other hand, surges$ in the
range of 2 kV to 5 kV were found in locations that had experienced equipment failures. It
should be noted that these measurements were conducted before the proliferation of SPDs in
low-voltage consumer systems.

In [51] and in [43], [44], many industrial locations were investigated, primarily in Germany, but
the measuring time at each location was rather short. In commercial installations, similar
amplitudes were recorded. However, as during the total measuring time of 1 202 h the number
of events (3 401) was comparatively low, the probability of occurrence of switching surges is
significantly lower. The results of these measurements were published in English by [21].
Figure 22 shows a frequency of occurrence vs. peak level for diverse locations, as reported in
the referenced paper.
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In [47] and [48], households, offices and laboratories in Germany were monitored. Figure B.6
shows a plot of the results from these two investigations.
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Figure B.6 — Example of survey of switching overvoltages
in three types of installations

An inddistrial location was added later on. The additional measurements were performgd over
a periqd of more than three month at each location. Table B.1 shows a summary of these
measufements, which are rather well in line with’ the previous data reported in [51], [43] and
[44], eppecially if the different locations and“the limited amplitude measuring range| of the
earlier jones are taken into account.

Tabhle B.1 — Minimum, maximum. and mean values of the amplitude and rate of rise
of the recorded switching surges at different locations [48]

Household Office Laboratory Industrigl
Minimum amplitude, V 35 35 35 50
Maximum amplitude, V 644 294 257 4916
Megn amplitude, 97 80 86 280
Minimum rate/ofyrise, V/us 4 1 2 270
MaxXimum-rate of rise, V/us 1690 1190 1385 10 766
Megnrate of rise, V/us 255 253 216 600

In an industrial installation, equipment can be located at rather short distances from
distribution transformers and the collecting bar. Under those conditions switching surges of up
to 5 kV amplitude have been recorded. As can be seen from the evaluation of the absolute
probability of occurrence of switching surges (N/a = events per year) shown in figure B.7,
there seems to be a superposition of the regular distribution according to the third-power law
with a special event causing switching overvoltages of approximately 5 kV amplitude.
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The latter ones could be allocated to the switching-on and off of one distribution transformer
at every weekend. It is evident that such special situations also require special protection

measures.
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Figure B.7 — Switching surges in an industrial plant measured near the collecting bar
In [9], the emphasis was more on dips and interruptions than on surges as the survpy was
part ofl an attempt to characterize power quality 'in low-voltage end-user systems i North
Americia. The results for recorded transients.are shown in table B.2. A significant finding in

that survey, however, was the relatively rare occurrence of high-amplitude transients| which
ggests to be the result of the proliferation of SPDs in low-voltage end-user systgms.

Dorr sU

Table B.2 — Distribution of recorded transients

NOTE Pne hundred and thirty sitesrwere monitored, that is a total of 1 200 site-months of monitoring. Half of the
monitorg were in place for a full year‘and half were in place for six months.
>1000 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0
9011009 | © 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 801-900 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
i 701-800 0 0 0 0 0 0 2 0 0 1 0 0 0 0 0 0
§ ol | 2 0 0 0 1 2 1 0 0 0 0 0 0 0 0
g 501-600 4 ¢ } 3 ¢ t ¢ t © © © L 1 0 0 0
'§ 451500 | 0 1 2 4 0 0 1 1 0 1 1 0 0 4 1 0
E 401450 1 2 4 12 0 1 3 1 1 1 10 0 1 16 0 0
.; 351400 | 0 6 10 14 3 2 2 2 1 5 10 7 2 1 1 2
S 301350 | 1 10 15 15 4 3 6 3 2 21 b1 9 9 19 8 1
t'r°i 251300 | 3 ] 14 20 6 15 39 6 58 61 ” 3 15 31 8 8
20025 | 5 25 60 bi} 13~ 130 4n 8 116 158 210 86 15 58 20 9
150200 | 19 89 187 728 687 976 1702 1975 749 832 887 513 214 197 9 36
100-150 | 140 503 1350 | 3875 288 11108 | 7035 | 3816 | 3352 12193 | 4162 | 2536 81l 393 357 234
<I- 2.0 | 2% 34r 7 | 4s” 5-10 1020 | 2030 | 30-50 | S0-100 | 100-150 | 150-200 | 200-250 | 250-300 { 300400 | 400-500

Duration of transients, microseconds
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The Dorr measurements, as well as those of [38], were made on single-phase or polyphase
systems, between line and neutral, for the purpose of assessing the stress applied to
electronic components connected between line and neutral. Because the North American
practice is to bond the neutral to the local earth at the service entrance, these measurements
also represent the line-to-earth stress. In contrast, some of the measurements reported by
other researchers cited in this narrative were made from line to the local earth, for the
purpose of assessing the stress applied to the equipment insulation.

In [1], recent monitoring performed in Germany are reported. This monitoring covered two
stages, one of general characterization and one of high-risk locations. The aim was to monitor
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. Installation Measurement results
Measurement points t Network type
ype 05kV | 1kV |1,5kV| 2kV | 4kV | 6kV
Municipal hall Household Overhead line X
Automotive industry Industry Cable
Producing firm No. 2 Industry Overhead line
SPD-factory Industry Cable X
Lignite open cast mining Industry Cable
Chemica F:r‘fnr\ll No 1 Indllcfr\/ Cahle X X X
Chemical factory No. 2 Industry Cable
Fibrous material factory Industry Cable X
High rise|ware house Industry Cable X
Chipboard factory Industry Cable X
Producing firm No. 1 Industry Cable X
University laboratory University Cable X
Surface technique factory | Industry Cable X
Factory Industry Cable X
Switchgefar factory Industry Cable X
TV-transitter Miscellaneous Cable X
Telecom{station Miscellaneous Cable X
Mains network No.1 Utility network Overhead + cable X
Mains nefwork No.2 Utility network Overhead line X
Resident|al building Household Cable X X X X X
District office Office Overhead\ine
Tower station Utility network Overhead line X
Farm Miscellaneous Overhead line X
Radio-tralnsmitter No. 1 Miscellaneous Overhead line X
Radio-tralnsmitter No. 2 Miscellaneous Overhead line X
100
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NOTE Transients below 1 000 V are not considered a threat to equipment insulation.

Figure B.8 — Frequency of occurrence at selected sites and overall results
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B.5 Propagation of switching overvoltages

A worthwhile consideration is a possible attenuation or increase of switching overvoltages
within low-voltage installations. This effect has to be considered together with the shape of
the switching overvoltages involved and the configuration of a typical low-voltage installation.
Possible effects are travelling wave phenomena and/or attenuation by transmission losses
and branching of lines. The first phenomenon is only of significance if the travelling time along
the transmission line is at least one-third of the rise time of the switching surge. This means
that for the standard impulse with 1,2 ps front time, the line length would have to be in the
order of 70 m to cause travelling wave effects.

One mi : : : -1 ibi ation—causec dielectric
losses |or by skm effect However measurements have shown that even for a I|ne ofy 15 m in
length,|for the standard impulse of 1,2/50 us, attenuation by losses is not an importanf effect
as far as the maximum amplitude of switching overvoltages is concerned [39].

As the|combined effect of reflections, attenuation and branching is rathernecomplex, extensive
measufements of surge propagation in a model installation were pérformed, as rgported
in [49].| The model installation included 10 branch circuits of various,dength and charagteristic
impedgnces, supplied from a main service panel and several sub-panels. All measurgments
were njade single phase to earth with the surge applied from a‘\generator with 25 Q |source
impedgnce. The maximum line length selected for the mode] was such that reflectiong might
occur ¢ven for the standard impulse. Indeed, some modest-overshoot caused by reflgections
was olpserved at some nodes of the model, but the @aveform remained essentiglly un-
attenuated.

In a sjimilar experiment, performed on a new ¢building before it was placed in dervice,
propagiation measurements were conducted with injection of a combination wave syrge as
well ag a 100 kHz ring wave [36]. For the combination wave (a 2 Q source impedandge), the
results|are similar to those cited above. Far‘the ring wave, significant reflection effec{s were
observed at the open ends of the longerbfanch circuits (40 m to 70 m).

On the|other hand, steeper overveltages, such as those implied in the electrical fast transient
burst (EFT) of IEC 61000-4-4 are'significantly attenuated by a line length of a few metrgs [40].
Therefpre, the event of contactor switching and bouncing, which is the source of these fast
transients, is more an EMC issue than an overvoltage concern. Furthermore, the interference
effects| of these fast transients are generally not mitigated by conventional SPDs thaft focus
only or] voltage amplitude’ mitigation.

B.6 |[Examples of circuit-breaker operation

B.6.1 Circuit-breaker and switch operations in the customer's premises

During Switching-off of equipment, the switching overvoliage on tnhe load side has a higher
amplitude and energy delivery capability than that which appears on the line side. However,
this is mainly a problem with respect to the design of the particular equipment being switched.
If other equipment is connected in parallel, it will also be stressed. The overvoltage on the
installation side is of greater importance for the whole system and for the equipment
connected to it. Therefore, this aspect is pursued in greater detail: both switching-on and
switching-off can induce overvoltages [48]. The switch-on overvoltage will be increased if
equipment with high inrush current is switched on.
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Usually higher amplitudes are generated by switching-off of equipment. Amplitudes of 1,9 kV
have been observed in staged tests, with rates of rise up to 5 kV/us. Switching-on of
contactors can induce overvoltages with amplitudes of up to 600 V. The rate of rise will be in
the order of only 50 V/us. Switching-off of contactors can induce much higher surges on the
load side. Amplitudes as high as 2,3 kV have been observed. A scenario for contactor
operation that might be described as switching-on can in fact involve switching-off when the
contacts bounce and effectively produce an electrical switching off, the very phenomenon
addressed by the electrical fast transient burst test.

Switching of miniature circuit-breakers with rated currents of some amperes seems to be a
minor problem as far as switching overvoltages are concerned. Even a short-circuit

interru
amplity
results

Howev
high in
As an
miniaty
interru
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tion will induce rather low overvoltages on the installation side ln acener
) )

for the different current ratings of typical miniature breakers is given in table:B.4.

Table B.4 — Amplitude and rate of rise of switching surges
versus rated current of miniature circuit-breakers [47]

Rated current, A 2 4 6 10
Mean amplitude, V 208 224 201 232
Maximum amplitude, V 379 399 332 285
Mean rate of rise, V/ys 33 36 21 22
Maximum rate of rise, V/us 190 135 48 28

bxample, a measurement made when'a power tool was switched on in a circuif

tage in this test was 2,8 k\.
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Figure B.9 — Test circuit and surge during trip of a miniature circuit-breaker
due to inrush overload

I, the

des of the overvoltages on the installation side are below 500 V. An example|of test

br, a much more severe event is the operation of a miniature circuit-breaker in ¢ase of
fush current. This is especially true if,the rated current of the circuit-breaker is tp

o low.
with a

re circuit-breaker with a current-rating of only 2 A (figure B.9). The unavpidable
btion of the inrush current as the breaker tripped under these conditions produced very
ervoltages with very long duration and high energy delivery capability. The maximum
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B.6.2 Circuit-breaker and switch operations in the supply system (LV and MV)

Transient overvoltages stressing the electrical equipment can be observed in every supply
system. In underground supply systems, nearly all transients are generated by
electromechanical switchgear of similar sources. In LV and MV installations, the switching of
inductances such as transformers, impedance coils, contactor coils and relays installed in
parallel to the supply source can cause switching overvoltages with an amplitude up to
several kilovolts. However, the frequency of the occurrence is quite low, as switching in
supply networks usually occurs in case of faults or maintenance. Such events are very rare as
compared with switching of loads in the customer's installation. The same phenomenon exists
when switching off longitudinal inductances such as conductor loops and longitudinal
impedance coils, or even when switching off the supply system itself together with the
inductgnces of wiring. On the supply side, switching overvoltages can also be caused|by the
operatipon of gating controls, by brush arcing of slip ring motors, by sudden load decrgase of
electrigal machinery or transformers and by operational switching of capacitor ynits uged for
power factor correction.

The frequency and energy delivery capability of the overvoltages of |such kind ¢an be
considerably higher than those of atmospheric origin as far as the jnfluence on low-yoltage
installgtions is concerned. Transient overvoltages due to switchingfin-the low-voltage|supply
can reach amplitudes of several kilovolts, though it may be assumed that the maximum(values
are limfted due to certain conditions when operating the low-voltage supply network. In those
supply| systems where overvoltage control by protective ‘devices is installed, it ¢an be
expected that a maximum amplitude of 6 kV in general is not’exceeded within the low-yoltage
custonier's installation.

B.7 |Examples of fuse operation

The piinciple of overvoltage generation during a fuse operation has been explained in
clause|B.2, and an example of operation ef*miniature fuses has been described in 6.3 In this
part of[annex B, additional examples are\given of such overvoltage generation.

Figure |B.10 shows the overvoltagéelat the secondary collecting bar of a 230/400 V trangformer
substation when blowing 100-Axfuses. The short-circuit overvoltage has an approxjmately
triangujar wave shape and oceurs between the line conductors of the system. Of coprse, it
does rlot occur frequentlyy; compared with overvoltages caused by switching of oplerating
currents.



https://iecnorm.com/api/?name=b317ed2f1b82bfac1c908650aeb98500

-92 - TR 62066 O IEC:2002(E)

e

I r

H 1800V
P +H P [ S—

E;‘ V2 x 400 V
(R RN U JRUE).  A J O O  I ¢ Llad X baledal ladolad dCl bl L L Lt L
TTTTTTIN TR T ‘&.II—I__EII URBLILE L BN B

N -.‘:_WE;' o 4500 A
=
+ >
10 ms

IEC 1693/02

Figure B.10 — Example of overvoltage at the secondary collecting bar
pf a 230/400 V transformer substation when blowing 100 A fuses of a feedel

For the industrial field, figure B.11 shows the magnitude and time duration of overvpltages
occurring at the busbar and thus stressing the connected loads when a short circuit located
immed|ately behind the circuit fuse is switched off. The data are based on measurgments
taken gt a variety of measuring points in different’industrial installations.

These |measurements were performed with fuses from different manufacturers having rated
currenfs of 10 A, 35 A, 100 A and 355/400 A. From the distribution of the measured fdata in
figure B.11, it appears that the lowerthe rated current of the fuse, the higher the overyoltage,
but the| shorter its duration.

The measurement results_are expressed by the overvoltage factor which is the effective
maximyum of the transient.overvoltage expressed as a multiple of the peak of the rominal
supply|voltage. The overvoltage factor is between 7,7 and 10,5 in only 3 % of the|l cases
measufed. For a 230 \L_single-phase supply, this means that in case of a short circuit bptween
line conductor andsneutral conductor, an overvoltage of 2,5 kV to 3,4 kV occurs.

For a 400 V<hree-phase supply and a short circuit between line conductors, the overyoltage
factor [is ,below 4,4, and hence the overvoltage remains below 2,5 kV. According|to the
relevant\fuse standards, the switching voltage of fuses with a rated current greater 10 A
should not exceed Z,5 KV. This value corresponds to an overvoltage factor of 7,7 for a 230 V
supply and 4,4 for a 400 V supply. The horizontal bars in figure B.11 show that the specified
limit of the switching voltage is nearly kept in both cases.

If the short circuit does not occur near the busbar where the circuit fuse is located but at the
far-away termination of the circuit, which is the more probable case, the switching overvoltage
level reduces but its duration increases as shown in figure B.12. For each rated current being
investigated, two data sets are shown. They refer to products from two different
manufacturers and give some indication of the spread of amplitude and duration of the surges
to be expected.
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Temporary overvoltages caused by faults
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One of the sources of temporary overvoltages (TOVs) in LV power systems is the occurrence
of faults in the MV system. The characteristics of these TOVs depend on the type of the

power
outline

ystem and the nature of the faults. Tables C.1 and C.2 summarize the posgfbilities
graphically in the schematics provided in IEC 60364-4-442. Table C{1\

blready

includgd in clause 7 as table 6, is reproduced here for the convenience of ¢he reader. It

repres

nts the maximum values allowed to occur, as a design requirement forthe instgllation.

These [values are an upper limit, and in practice the TOVs that do occur-are likely fo have
lower Values. Table C.2 shows the maximum values that can occur in case) of a fault in[the LV

system.

The IE[C 60364 information is complemented by the schematic of figure C.1 representing the

North American practice, which is not included in the current edition of IEC 60364-4-442.

Table [C.1 — Maximum values of overvoltages allowed4o occur during MV-faults tq earth

. Maxjmum
Typq and earthing LV-system Maxllmum r.nlm.s_stres§ voItag(_e Fau!t fault
MV}system with according to on equipmentwithin LV-installations duration cu?rent
sindle earth fault IEC 60364
L-PE N-PE L-N s h
3 wirep, isolated TN, TT, IT Uy 0 Up >>5 Somé¢ tens
3 wirep, resonant TN, TTb)
earthing or ITa), c), d) Yo 0 Yo >5 Some
3 wirep, impedance hundfreds
earthifg TTa), ITb), e) <250 V + Uy <250 V Uy >>5
Low impedance TN, TTb)
earthihg ITa), c), d) Yo 0 Yo <5 Somé
hundreds
(Frande) TTa) N Eb), e) <1200V + U, | <1200V Uy <5
TNy TTb)
3 wirep/direct ITa), c), d) Yo 0 Yo <5 Some¢
earthing thougands
TTa), ITb), e) <1200V + U, | <1200V Uy <5
4 wire$, direct.earthing Somg¢
(USA practice) ™ <2,45 Uo 0 2,45 Uo <5 thougands
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Table C.2 — Maximum possible values for TOVs in LV-installations due to LV-faults

Type of fault Maximum r.m.s stress voltage Fault clearing
in the Type of LV-system on equipment within LV-installations time
LV-system L-PE N-PE L-N s
TN Uy 0 Uy <5
TT >5 if fault occurs in
<40V + U <50V Yo distribution system
s Tefiiod in the distrbut 5 f fault ocours |
is fulfilled in the distribution <5 if fault occurs in
systema <V3 Up Yo Yo user's installation
Earth fault — oo
8 if fault occyrs in
=145 Uo =Uol2 Yo distributionsy$tem
< RB/tRfE I?_HSOdV_/(iﬁ)-Sé)_ \{)'b ti 5 if fault i
is not fulfilled in the distribution <5 if fadlt\occyrs in
systemb V3 Up Yo Yo user's installafion
IT <V3 U, Uy Uy >>5
TN <1,45 U, 0 <1,45 U,
L-N
short cirfuit m Yo <Ugl2 <1,45 U, <5
IT Uy <Uy/2 1,45 U,
Loss of
neutral TN, TT Uo <Uy <V3 Uy >5

NOTE 1| In some countries, a distinction is made between TT-systems:
a TT system with reliably earthed neutral conductor
b TT-system where the neutral conductor is not reliably earthed

where
Rg is the total earthing resistance of the neutral conductor’in the low-voltage system;

Rg is the lowest earth resistance to be expected for.conductive parts which are not connected to the prgtective
conductor, but may be subject to an earth faulf;

50 V is the conventional touch-voltage limit;
U, is the nominal voltage line to earth of the’low-voltage system.

NOTE 2| For IT-systems the max. r.mS\w'stress voltages due to MV faults and due to LV faults have to be|added
because| of the possible long duratiohs,

As an example, a three-wire MV'system resonant earthed, with earth fault duration longer than 5 s, and LY earth
fault duration longer than 5 s;nthe maximum r.m.s. stress voltage that can be produced is equal to or legs than
250 V + V3 Uy for the L-PE~voltage.

NOTE 3| TOVs due to_loss of neutral in the LV system can be disregarded when selecting SPDs, becapse no
equipmgnt is required_to withstand such a stress. However, such a TOV can destroy the SPD, in which case,
of coursg, the normralhdesign criteria of the SPD should be satisfied, that is, that the failure mode be acceptable.
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gure C.1 — Temporary overvoltage resulting from a fault in the primary of tk
istribution transformer in a TN system according to North American practic

Commingling of systems

]

sub-transmission lines and distribution lines on the side of roadways, an arrangement

bverhead distribution systems, for a number of compelling reasons, use the sa}e pole

mes described as overbuilt. This close proximity can lead to commingling of
s if the sub-transmission lines were to fall.upon the distribution lines. This
nt can occur during storms or when an out-of‘control vehicle knocks down a pole
n in the face of repetitive occurrences ip. some locales. A similar situation, b
ess exposure than the long roadside gverbuilt, occurs at points of crossing of f{
s. This condition can also exist in_buried distribution systems where the prag

jing upon the overvoltage protection schemes implemented on the distribution
mmingling can have disastrous consequences for equipment connected to th
system supplied fromthe distribution system through distribution transfq
arresters cannot survive exposure to the relatively long time (a few cycles)
frequency overvoltage, awaiting the trip of the sub-transmission circuit breaker.

tion of the arrester but initiation of a power arc which effectively provides a
lower thansthe protective level of the arrester.

manner;. customer equipment connected to the low-voltage system might be prg

albeit 4
a smal
Compare

t the cost of the arrester which is destroyed and must be replaced. This replace

he two
ype of
a real
ut with
he two
tice of

gystem,

e low-
rmers.
of the
In fact,

bility of the arrester to dissipate the energy associated with this overvoltage lg¢ads to

imiting

tected,
ment is
lines.

I expendlture compared to the cost of repalrlng the downed pole and broker

Nerwise

occur, the one-shot protection scheme by the sacrificial arrester is an opt|on which several
electric utilities have considered and some have applied.

As an example of a commingling incident, consider a structure where a 23 kV distribution
voltage circuit (13,9 kV line-to-earth) is installed above a 4,16 kV distribution circuit. Should
the 23 kV line accidentally contact the 4 kV line, the voltage impressed on this line exceed the
system voltage by a factor of 5,5. With wood cross-arms, the 4,16 kV circuit can easily
withstand this overvoltage, thus imposing the 13,9 kV upon the distribution transformers
supplied by this circuit. With arresters installed at the transformer primary, and possible
saturation of the transformer, one might expect that the limitation of overvoltages on the LV
side of the transformer to be sufficient to avoid serious damage to the connected LV
equipment. Anecdotal data report however that massive equipment failures have occurred in
some cases. That situation might be explained by inappropriate earthing practices for the
transformer case and neutral.
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Annex D
(informative)

Complementary information on system interaction overvoltages
(see clause 8)

D.1 The general problem

As ele
often ipvolves a communications port as well as the usual power cord port. A typicale
is a personal computer (PC) with modem connection. Although each of the-~pow
commynications systems might include a scheme for protection against surges;’ the
currenf flowing in the surged system causes a shift in the potential of its reference poir
the othler, non-surged system reference point remains unchanged. The diffetence of p
betwegn the two reference points appears across the two ports of the PC|,Depending
nature|of the PC/modem and its immunity, which is not often defined, this differg
potentipl may have some upsetting or damaging consequences.

Variou$ mitigation schemes have been proposed to remedy upSetting or damaging p
differepces. The most effective would be a fibre optie decoupling inserted
commynications link, but the expense and involvement would be objectionable for the
home |office application. Increasing the withstand capability of the PC system
manufacturers is unlikely to happen, given the market economics, and actually might

re, this
kample
er and
surge
t while
btential
on the
nce of

ptential
in the
typical
by the
not be

practical for some of the voltages that can appear.~The following example, drawn fromp North

American experience (hence the use in this _example of terms typical of the tel
industry), illustrates the problem, which, depending on particular national practices, is |
be encpuntered in other installations.

NOTE |EC 61663-2 deals with the protection_afitelecommunication and signal lines using metallic co|
against ljghtning, including system interactions., The lines considered are:
— telecommunication lines connecting a.switch with a network termination;

— telecpmmunication or signal lines_connecting equipment located in different buildings, for example, IS
or signal lines between computers.

D.2 |Example of PC/modem reference potential shift

In figuje D.1, a PG.equipped with a modem is powered from a branch circuit by a thr
cord which includes an earthing conductor that establishes the potential of the chassis
existing at the earth bus of the power panel. The modem is connected to a telephone o
the rogm, and the telephone service entrance is provided with an optional surge prg
installgd oy the telephone company For a worst-case scenarlo (often encountered) the

ephone
kely to

nductors

DN lines

be-wire
as that
utlet in
tection

power

service—and

nlsuch a

S|tuat|on the earthlng wire of the entrance protect|on is connected to the nearest p0|nt of the

earthing system, if one is available, as shown in the figure. Alternately, a dedicated e
conductor could be run all the way to the power panel.

arthing
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Figure D.1 — PC/modem connections to the power system and communications system

As will be shown below, this alternate routing would not make a difference in)the outcomq during
a surgeg event affecting the telephone service. Note that in figure D.1, the slrge-protective| device
on the|power side of the PC — the side where the user is most likelydo think about prjoviding
protectlon from surges expected to come from outside — is shown-as“optional. Whetherf or not
there i an SPD on the power side would have no effect on the outcome of the present scepario.

Figure P.2 shows the scenario where a surge from the telephone service impinges on the [service
entrange where the telephone company has provided a dedicated SPD, as part of its installation.
Such g device is referred to as a Network Interface{Device (NID)1). The impinging sjurge is
diverted by the NID through the equipotential conductor toward the earthing electrode.| In this
worst case of poor installation practice, the two services entrances are located at opposite gnds of
the hoyse so that the equipotential connection canyin fact have a significant length. For the sake
of eprIining the statement that the presence of\an SPD on the power side makes no difference in
this scenario, figure D.2 includes an SPD pravided by the user and the possibility of an arrester
upstregm, for instance at the service panehof at the meter base.

S~

. = L
Elect_rlc ';}, SPDy Telephone
service N PC I
AiArrester system
entrance : ééN”JF
N Vg
di f"
G

Fquipotentiatcommection
‘ >,
____( Surge /

IEC 1698/02

Figure D.2 — Voltage difference appearing across PC/modem during surge current flow

The surge current “Surge I” in figure D.2 flows in the pipe, creating a magnetic flux which is embraced
by the loop formed by the pipe and the conductors on the upper part of the circuit — the telephone wire
connecting the PC to the NID and the branch circuit connecting the PC to the power entrance. The
rapidly changing surge current induces a voltage in the loop, which appears across the point where
the loop is open — the insulation between the modem terminals and the power terminals of the PC.

1) The NID is provided by the telephone company to protect its outside equipment from overvoltages or surges

arising in the subscriber’s circuit. It is not provided to protect the subscriber from impinging surges, although
the perception might exist that it is so. Nevertheless, the NID is involved in this scenario of an impinging surge.
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Another way to explain the induced voltage difference, but based on the same electromagnetic
laws, would be to consider that the long pipe has an inductance L which results in a voltage
L x di/dt which appears along the length of pipe and hence across the PC ports. However, the
explanation based on flux linkage is more useful because it points out the effect of the geometry
of the loop, not just the length of the pipe. Theoretically, if the loop were extremely narrow by
having the wires run close to the earthing conductor (as good EMC practice recommends — see
annex F), its area would be small and the flux linkage considerably reduced. The reality, however,
is that the loop area in an actual installation will always be substantial.

Note that in this circuit, the potential difference appears between any of the two telephone wires on
one side of the PC and the neutral N or earthing conductor G on the other side of the PC, without
involving the SPD or the arrester, justifying the statement that the presence of an SPD installed at
the power port of the PC has no effect on the outcome on the scenario of a surge arriving,ffom the
telephone plant and — in a perverse way — being diverted by the normal operation of the NID-

In a similar manner, a surge impinging from the power system side and npetiverted at the
servicq entrance, may propagate all the way to the receptacle where the P€-is plugged, and
where the prudent homeowner has provided an SPD for protection against,power line $urges.
There fgain, the perverse situation arises where the surge current, diverted through the SPD
is retunned to earth by the earthing conductor or/and the neutral conductor. This surge [current
will radiate magnetic flux into the same flux-collecting loop as that of the first scenarjo, with
the same possible result of damage or upset.

D.3 |[Example of remedial action

To demonstrate the side-effect of uncoordinated:\surge protection and the benef|t of a
proposed solution, measurements were conducted’ in a full-scale replica of a house| wiring
system|, including power, telephone, and the copper water pipe of figure D.2. The telgphone
wires were routed in a typical manner, at someé-distance from the pipe.

Figure |D.3 shows the recording obtained when injecting upstream from the NID a surde such
as sperified by telephone industry 'standards. For a rate of change in the surge cufrent of
75 A/us, a peak of 4,3 kV was induced in the loop, as measured across the open-circuit loop.
In an gctual installation, this veltage would appear between the two ports of a PC connected
there { but none was connected’in the experiment, to avoid needless damage.

i i i [EPEPIPIPE AP e PP | ’

IEC 1699/02

Key

I Current impinging NID 50 A/div: di/dt = 75 Alus

V' Voltage between telephone port and protective conductor (PE) 2 kV/div: 4,3 kV max.
Horizontal sweep: 2 us/div

Figure D.3 — Voltage recorded across reference points
for the PC/modem during a surge


https://iecnorm.com/api/?name=b317ed2f1b82bfac1c908650aeb98500

- 100 - TR 62066 O IEC:2002(E)

Inspection of figure D.3 reveals a significant fact: the peak voltage occurs during the very
front of the surge current, not at the time of peak current. Thus, the peak amplitude is
significant only by its influence on the initial rate of rise, not by the peak value in itself. This
behaviour is indeed characteristic of an inductive effect and is another example of the remark
made on several occasions in this technical report that considering the average rate of current
rise computed from the 10 % and 90 % points can be quite misleading. This effect is likely to
occur even for a slow-rising surge because the gas tube(s) in the NID will not spark over
before the surge has developed a high voltage, meaning that by that time the capability of a
fast current rise will have increased over what it would be if the current had begun flowing at
the beginning of the surge voltage. This example also shows how a scheme using a gas tube
can act as a generator of steeper fronts than the original impinging surge. In this case, this
effect will be mitigated by the equalization of the reference voltages, as described in the
followings-

If now fthe loop were closed by a path other than the insulation between the two‘porty of the
PC, no voltage would appear across the ports and the PC would not be in jeopardy. Closing
the logp is what can be accomplished by a hybrid multi-port SPD package, called surge
reference equalizer, installed between the power receptacle and the telephone recgptacle,
inserted in the power cord and the telephone cord upstream from the RC input conngctions.
Figure [D.4 shows such an arrangement.

To illugtrate the effectiveness of the solution, figure D.5 shows’ the reduction of the |voltage
obtaingdd in the same circuit as that used for recording figure B.4, but with insertion of g typical
surge feference equalizer (available in many electronic stores, but not necessarily under this
name, gee 3.17) in the power and telephone lines at the point of connection of the PC.

The ggneric design of such a device includes insertion, in the two telephone wires,|of two
matchgd gas tubes, two series resistors, and two silicon avalanche diodes, with a dire¢t bond
or an dppropriate SPD to effect a common or nearly common earthing reference.

Fuse 10Q Power
Tip suppressiﬁn

line

Ring Ring Common
v Fuse 10Q reference
/‘_ / \ \\
Electric [ ]
service Telephone
entrance 1| N line
~Telephone
Earth protectors
electrode Equipotential conductor

IEC 1700/02

Figure D.4 — Insertion of a surge reference equalizer at the PC/modem ports
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Figure D.5 — Reduction of voltage difference between ports
by a surge reference equalizer

e D.5, one can see the immediate clamping effect of the diodes down to 200 V fi

arks over 5 us later.

e power system. A subtle difference may be that in the first scenario, the two v
anced telephone circuit are effectively connected to the earthing system by the
NID, making the problem imimédiate. In the second scenario, the two telephon
galvanically isolated frem-the earthing system until the NID gas tubes spar
they might not do. Even if the NID does not spark over, there might be sy
ance between each, of the telephone wires and earth to hold these two wires|
otential during thejinitial part of the surge and thus develop a reference p
ce with respegtte the power port. As a result, the hazard might be less sevg
esent when «darge potential differences cause sparkover of the NID, justifyi
nent of a surge reference equalizer against both scenarios.

A smaller loop“would exist if the telephone and power service entered at the same eng

differe

om the

ated 4,3 kV shown in figure D.3, followed‘by a further reduction of voltage as the gas

rge reference equalizer will have, similar benefits for the scenario of the surge arriving

ires of
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btential
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house,lthe recommended practice. With such a configuration, a reduction in the

ce'to about 75 % of the large loop value was found in the test series, still a p

ptential

risk for

the hardware, so that the surge reference equalizer would help there as well.
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Annex E
(informative)

Complementary information on SPD application

Implementation of coordination principles

002(E)

Two schemes are possible for implementing coordination with presently available SPDs:

a) Codrdination without any additional specific decoupling element

Thi

b) Coordination by use of decoupling elements

For
ele

E.2

E.2.1

The enlergy coordination of two SPDs without decoupling elements can be obtained by

of their
a long
possib
(or the
power-
electro

If indu
necess
us, 8/2

In the

5 scheme makes use of the wiring of the installation as a decoupling element
voltage drop of the wiring;

sparkover voltage of the SPDs.

coordination purposes it is possible to use inductances Or’'resistances as dec
ments which should have a sufficient surge withstand capability:

inductances are primarily used for power system applications;

resistances are primarily used in telecommunication system applications.
Coordination between voltage-limiting-SPDs

Principle

current/voltage characteristic for the relevant range of currents. For waveshap
time at half value (for example, 10/350 us), inductances are not very effed
e, it is useful to obtain the'éoordination by application of resistive decoupling el
inherent resistance of ‘cables). In power circuits, however, the deliberate inserti
dissipating resistance would be limited to low-power applications, such as feeq
hic control power-supply.

ctances are \used as decoupling elements, as in the example of figure E.
ary to také‘into consideration the waveshape of the surge current (for example,
D us). An_example of this consideration is given later in this annex.

coetrdination of two voltage-limiting SPDs, for instance metal oxide varistors (]

voltage-limiting type: based on the current/voltage characteristic of~SPDs and the

voltage-switching type: based on the dynamic voltage drop of'the wiring and the

bupling

means
es with
tive. If
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characteristic (see figure E.2). The current wave duration will not be significantly shortened,
compared to the impinging current, as shown in figure E.3, which presents a case of MOV
application. For increasing impinging currents, the energy dissipated in the MOVs increases
as shown in figure E.4. As can be seen in this example, the knowledge of only the reference
voltage U,et of the MOV is not sufficient to establish coordination. Further computations might
be necessary, as detailed in clause E.6.
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Figure E.T — Example of coordination ror two voltage-limiting SPDs
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Figure E.4 — Energy distribution among two voltage-limiting SPDs versus
impinging current

trate these interactions, computations were performed for the simple circuit sh
E.5. In this circuit, two voltage-limiting SRDs" (varistors) with ideal current-
eristics are connected, respectively at nede 1 and node 2. The protection |
ted to be 2,5 kV (Up1) at node 1 and 1,5kV (Up2) at node 2. The length of the
n the SPDs was assumed about 10 my 'with a total inductance of 10 yH. To
te model, the characteristic impedance (300 Q) and a length of 10 m of the wirin
the calculations. This implies a total wiring capacitance of about 100 pF.

were selected: a short'2/20 us impulse and the standardized 10/350 p
312. For simplicity, triangular waveforms were postulated. Each in turn was i
node 1 and, in a second set of simulations, at node 2.
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Figure E.5 — Idealized example for illustrating SPD coordination aspects
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Figure E.6 shows the calculated voltages and currents for a 2/20 ys current impulse injected
at node 1. For this relatively short impulse, the major current stress is applied to SPD1. The
voltage Up1 is:

Up1 = Up2 + L (dIpo/dt) (E.1)
where

Iyo  is the current in SPD2;
Up2 is the voltage across SPD2 when conducting /p5.

Accordingly, this UF‘- voltage is negative on the tail of the current Ipz where the current
derivatjve is negative (see figure E.6).
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Figure E.6 — Calculated SPD voltages and current
for a 2/20 ys impulse injected in node 1

Following the abrupt change of di/dz for this idealized example, high-frequency oscillations
(ringing) occur for the voltage, especially at node 1, due to the inherent capacitance of the
wiring (figure E.5). On the tail of the current through SPD2, di/dr is about 0,25 kA/us.
Accordingly, the voltage at node 1 suddenly changes from its value of 2,5 kV (Up1) prior to the
current peak to a new value, as defined by (E.1):

=1,5kV + 10 pH x (-0,25 kA/us)

=1,0 kV

excluding the initial oscillations that are superimposed on this value.
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