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Chapter 1



1. Introduction

Nowadays electrical and electronic apparatus forming complex systems within a structure
can provide many benefits. e.g. automation of operation. increment of control precision ete.
However the regular operations of these systems can be influenced by different not demand
occurrence dependent and not dependent on humans. Certainly the range of influence depends
on the damage source type eg. waler, fire, overvoltages, storms or negligence, thefl
The percentage representation of different incidence based on the statistics of more than
15200 apparatus failures is shown in Fig. 1.1. |1. 2].

I NEGLIGENCE
WATER

B FIRE

CITHEFT

I OVERVOLTAGES
I STORMS

I OTHER CAUSES

0,8%

8,6%
6,5% 3.2%

Figure 1.1, Statistics based on >15.200 apparatus [mlures,

It is to note that the overvoltages consist of the main component ol possible damage
sources. This fact i1s influenced by modern apparatus features, namely high operation
frequencies as well as low operation voltage.

These overvoltages can be caused by electrical currents of different sources and especially
by current of direct and nearby lightning strikes. For this reason to assure electrical and
electronic apparatus operations many scientific studies relevant to their protection are
developed in the frame of scientific conferences (ICLP, CIGRE, SIPDA, ... ) [1-9]. Moreover.
it is important to mention that different institutions deal with this problem of protection of
electrical and electronic svstems against lightning surges: International Electrotechnical
Commission (IEC). European Committee for Electrotechnical Standardization (CENELEC).
Institute of Electrical and Electronics Engineers (IEEE) and the relevant National Bodies
(i.e. CEI in Italv); they give normalized requirements and procedures of lightning protection
measures and systems.

Aim of the thesis work is to analvse selected aspects ol protection of electrical and
electronic systems within a structure against lightning overvoltages. Selection and
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coordination problems of the main protection measures recommended by International
Standards (IEC), such as surge protective devices (SPD) and isolation transformers, are
investigated by means of laboratory tests and computer simulations.

The present work is organised as [ollows,

After the short introduction in this first chapter, the second chapter reports selected aspects
concern lightning phenomena. Survey is started with description of thunderstorm occurrences.
Meteorological definition is given. as well as some principal facts regarding these phvsical
aspects. Moreover. lightning discharge are classified. Principal mechanism of lightning
occurrences are given taking into account natural issues. The classilication is also focused on
protection issues taking into account standard requirements. The lightning protection level
concept referring to 1EC standard is discussed, and respectivelv parameters for severe cases
are presented. Frequency of lightning discharges to ground 1s mentioned, and examples of
lightning flash density maps are given. Special focus is dedicate for lightning location, to
present current state of technologies associated with this natural phenomena. The
measurements techniques are defined. An example of lightning location network is given.

In the third chapter the source of damage due to lightning are analysed. The survey is
started from general recognition of lightning current influence on objects. Possible dangerous
occurrences are subdivided into four general categories: flashes to the structure (S1); flashes
to ground or to grounded objects near the structure (S2): flashes to the connected lines (S3).
flashes nearby the connected lines (S4), taking into account the lightning point termination.
The attention is paid on the description of significant parameters belonging to each
occurrence. Special focus is dedicated also for the calculation of dangerous events frequency.
To sum up, even if the source of damage S1 is not so frequent as the indirect influence of
lightning flashes to an object. such source represents the most severe case in respect to the
other damage sources taking into account lightning current values.

The forth chapter includes two characteristic parts, according to the analysed protection
measures 1o reduce the effects of difTerent sources of damage.

The first part of this chapter includes general information about surge protection devices
and their application field. The basic criteria for SPD selection and fundamental parameters
are introduced. The classification presented 1s based on the intemational standards and
literatures [1. 2, 10-12]. Paragraph on surge protective devices (SPD) limiting tvpe includes
information about the intemal features of this protection measure based on varistors.
The principal of physics as well as tvpical charactenstics of this element are described.
Paragraph on SPD switching type includes simular information for protection measures based
on spark gaps.

The second part includes information about isolation transformers. The general survey
presents that such transformer can do more than translerring electrical energy from one
voltage to another and is able to reduce the transfer of common mode lightning overvollages.
Special focus is dedicated to some technological aspects of such device.

In the fifth chapter the standardisation aspects of lightning protection are presented
The survey starts of standardisation bodies overview with reference to the application fields
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and territories. In terms of lightning protection, it is possible to distinguish two international
bodies IEC and ITU. IEC deals with electrical systems. ITU deals with communication and
signalling networks systems. Special focus is dedicated for IEC standard due to SPD and
isolation transformer consideration. Moreover the lightning protection zones (LPZ) concept is
discussed. Examples of protection measures installation in these zones are shown, The SPD
selection according to the voltage and current threat is argued.

The sixth chapter intends to give criteria for protection measures selection. installation and
coordination, namely SPD switching and limiting tvpe. against lightning overvoltages. The
worst case ol damage source 51, where failure of apparatus can be caused due to resistive as
well as inductive coupling of lightning current flowing to the earthing svstem is considered.
The analvses are developed by several computer simulations performed bv means of
commercial transient software EMTP-RV, adopting suitable computer models validated by
experimental tests in HV Laboratory of Warsaw University of Technology as well as in
the HV Laboratory of University of Rome La Sapienza. The special focus is dedicated for the
comparison of the laboratory and computed results to ascertain models accuracy. The results
evaluation seems to be satisfactory and further analyses of apparatus protected bv means of
SPD are developed. The first examination include proper selection of SPD installed at the
entry point of power line into the structure, namely upstream SPD. The results of this first part
of work demonstrated that the installation of further. downstream SPD is needed.
The selection of downstream SPD have to be coordinated with upstream SPD with regard to
both the protection level and the discharge current. Finally, some simple rules for the
selection of downstream and upsiream SPD are proposed. Comments and comparison with
the requirements of the international standard IEC/ EN 62305-4 are presented.

In the seventh chapter selected critena for the electronic and electrical apparatus protection
bv means of an isolation transformer are discussed. Special focus is dedicated on the
mechanism of surge transfer through an isolation transformer especially when a fast front
source is applied. Laboratory tests as well as computer simulations are performed with aim to
investigate the influence of grounding condition of screen on protection effectiveness. For this
reason different tvpes of source are also taken into account. Some practical recommendation
for installation issues are formulated.

In the eighth chapter selected aspects of lightning protection for photovoltaic power
generation svstems (PVGS) are presented. The investigations include: nisk assessment,
protection of control and measurement apparatus by means ol SPD. influence of load
conditions on apparatus protection bv means of SPD, influence of parallel consumers on SPD
protection features, grounding and bonding conditions influence on apparatus protection.

In the ninth chapter brieflv summary of present work as well as some general conclusions
are reported.
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Chapter 2



2. Lightning physics

2.1. Thunderstorm occurrences

According to meteorologists requirements a storm is classified as a thundercloud or
thunderstorm if thunder is heard. Generally this peculiar and intense acoustic disturbance is
caused by the presence of lightning, if no other natural source exist. The storms, habitually
composed of strongly convective cumulomimbus clouds, are usually accompanied by strong
wind gusts and rain. Sometimes rain can be substituted bv hail or snow. In natural conditions
thunderclouds are results of atmospheric instability and develop as the warm, moist air near
the earth rises and replaces the denser air aloft. This overturn often results in the condensation
of atmospheric water vapour forming a visible cloud of water droplets. When this occurs, the
heat associated with the phase changes of water acts to speed the overtum: release of the heat
of vaporization by condensing water vapour enhances the updraughts, while cooling. caused
by evaporation of condensed water, can help drive the downdraughts which replace some of
the ascending subcloud air. Moreover 1t is possible to descnbe that. thunderclouds are large
aimospheric heat engines with water vapour as the primary heat-transfer agent. The output of
these engines is the mechanical work of the vertical and horizontal winds produced by the
storm, electrical work on [ree charge resulting in lightning discharges and an outfllow of
condensate in the form of rain and hail from the bottom of the cloud and of small ice cryvstals
from the top of the cloud. In addition, thunderclouds increase the local stability of the
atmosphere, transport horizontal momentum vertically. and are believed to maintain the
atmosphere's electrical potential relative to the earth. During davlight, the snow crystals that
are blown away from the top of the cloud in the form of cirrus by the high level winds. reflect
much of the incoming solar radiation back to space thus reducing solar heating of the earth's
surface and suppressing the development of other thunderclouds |13]. The processes in a
thundercloud during lightning occurrences are varied, complex and still under consideration
of scientific research groups [14].

The climatological observations, performed by means of modem measurement svstems
indicate that, at any time is about 1,000 thunderstorms are continuously in progress over the
surface of the earth. Generally the primary activity presents in the lower latitudes. Sometimes,
thunderclouds occur in the polar regions. The global distribution of thunderstorms shows their
convective origin [15]. The greatest frequency is to be found where and when vertical
convective activity is at a maximum and much of this 1s controlled by radiation processes:
solar heating warms the surface of the earth each day with a thermal input of about 1 kW m™
of perpendicular surface while the upper troposphere is cooled continually by the outward
thermal radiation from water molecules and aerosol particles. As the earth rotates beneath the
sun, new thunderstorms form in the subsolar area so that a wave of thunderstorm development
moves westward each day.

Thunderstorms occur commonly over warm sea coasts when breezes from the surrounding
ocean are induced to Mlow inland after sunrise as the land surface 1s warmed by solar radiation.
Similarly, because mountains are heated before the valleys, they often aid the onset of
convection in unstable air. In many paris of the world. diurnal thunderstorms occur over
mountainous terrain.
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In addition to air-mass convection (and sometimes superimposed upon it) is the intense
convective activity that occurs when cold air meets warmer, moister air, slides under and lifis
it: vigorous thunderstorms occur along an active cold front and in squall lines in the warm air
ahead. While most thunderstorms develop around midday in the spring and summer months
when the potential for convection is usually the greatest and adequate water vapour is
available, they have been observed at all limes throughout the year in temperate latitudes, as a
result of frontal activity. Further, thunderstorms frequently develop over the North Atlantic
Ocean during the winter when cold Arctic air flows over the warmer Gulf Stream | 13].

Water vapour concentrations in excess of 7 g of water kg™ of drv air are required generally
for warm-season thunderstorm formation although lightning has been reported in winter
clouds over the unfrozen Great Lakes when the water vapour mixing ratio could not have
exceeded 4 ¢ ke of air [13].

The global thunderstorm activity now occurring has presumably been taking place from
times earlv in the development of the earth's atmosphere. The evidence for this inference is
obtained from geological information: when lightning strikes drv sand. the resultant high
temperature melts and vitrifies the silica. forming tubes known as fulgurites. similar to the
contemporary formations which are found in our beaches and deserts. Ancient fulgurites
believed 1o be 250 million vears old have been detected in geological deposits. Speculations
have been advanced by a number of scientists that lightning has plaved a significant role in
the modification of the early atmosphere to its present state and in the origin of life on the
planet [13].

Lightning rarely occurs in cumuli with depths smaller than about 3 km but it has-been
observed in volcanic eruption clouds with dimensions of less than 500 m. Normal lightning
and thunder occur frequently in large clouds. The greatest activity occurs in the largest
convective systems which approach 20 km in depth. The temperature of the air and the phase
of cloud water at cloud-base and cloud-top levels do not seem to be critical for the
development of cloud electrification. The main requirements are that sufficient water vapour
be present to power the cloud and that the atmosphere be unstable to vertical motions.
Lightning in clouds evervwhere warmer than 0 °C has been reported. converselv.
electrification has been observed in clouds evervwhere colder than 0 °C and in clouds of ice
crvstals [13].

Active thundercloud svstems range in horizontal extent from about 3 km in diameter to
dimensions greater than 50 km. Along cold fronts merged thunderclouds may occur in lines
extending for hundreds of kilometres.

The life of an "air-mass" thundercloud over the New Mexican mountains is tvpically about
2 hours. Smaller, electrically active clouds in the subtropics have been observed with
durations of less than 30 minutes. On the other hand, large. frontal-cloud disturbances have
persisted for more than 48 hours and moved more than 2,000 km [13].
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2.2.  Types of lightning discharge

2.2.1. Nature of lightning fashes

A natural lightning flash is a complex phenomenon composed of successive events. also
called Mash components. with different physical properties in terms ol discharge tvpe and
propagation, radio frequency radiation tyvpe. current properties. duration. General survey of
lightning flashes observed by human being is shown in Fig. 2.1,

IONOSPHERE
ELVES

"' SPRITES

MESOSPHERE

tendrils

=
=
o
=
=
=

STRATOSPHERE

BLUE JETS

TROPOSPHERE
pround flash wi e I.ur'lr'.un;j.

100
Distance, km

Figure 2.1. Lightning discharges observed by human being [16].

The negative cloud o ground Mash. positive cloud to ground fash, conventional cloud to
air discharge as well as blue jets. upward superbolt, tendnls, sprites and elves are presented in
technical lterature [13, 14]. The classical lightming protecion concepl include only
interferences of lightning Mashes to the earth and in special cases aspect of lightning Mashes
between clouds 1s considered. The disturbance source has an impact for electrical and
electronic apparatus protection. Taking into account civil apparatus protection, the lightning
flashes 1o the earth should be considered.

Lightning Nash to the earth 1s result of thundercloud present. The conditions necessary lor
these occurrence initiation are shortly described in 2.1. In tvpical cases. the thundercloud
characterizes the negative charges in the lower parts and positive charges in the higher
region. The prevailed charge defines the lightning current polarity. Prevailing positive charge
defines positive cloud and results a flash called positive flash while negative charge defines
negative cloud and results a negative flash, In a positive flash a positive current flows from
cloud to earth. in a negative Mash the current is described as negative. Beside the polarity of
lightning current, a direction of lighining discharge development can be selecled as
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classification of lighining flashes. This criterion consist of downward and upward leader
progresses. In a downward leader the direction is from the cloud to earth. An upward leader
progress from earth to the cloud. An upward connecting leader is a discharge from earth (or
an earthed object) which meets a downward leader and discharges it to earth. The polarity of a
leader may be defined either by the polarity of the electric charge involved or by that of the
resulting current. Either a downward leader lowers positive charge from the cloud by means
of a positive current or it lowers a negative charge by means of a negative current. Such a
leader therefore has always the same polarity of charge and current. An upward leader. on the
other hand, has opposite polarities of charge and current |14,

The leader stroke is invariably nitiated at a point of high electric field strength. This can
occur either between positive and negative charge centres in a thundercloud or between a
negative (or positive) charge centre in the cloud and its induced countercharge in the ground.
The first case starts as an intra-cloud Mash between the charges of opposite polarity.
Depending on the height of the cloud above ground and the transient field change between
cloud and earth, such a discharge can be confined to a pure intra-cloud flash or it can proceed
towards ground, thus producing an earth flash. The second case leads to a leader stroke from
the cloud charge to its induced charge in the ground. The highest field strength can then arise
either at the lower boundary of the cloud or on a very tall earthed object. This. in turn, leads
either 1o a downward fash from cloud to earth or to an upward leader which develops from
the earthed object towards the cloud.

An overview of the lightning discharges subdivision is shown in Fig. 2.2, - 2.5, The four
leader tvpes are shown. Moreover the return strokes belong 1o these tvpical occurrences are
added consist of comprehensive review [ 14],

Figure 2.2, Downward negative discharge, where: [ - leader; » - return stroke; v - direction of propagation.

The first tvpe of lightning discharge is shown in Fig. 2.2, aand b. Fig. 2.2 a shows that the
discharge begins with a downward leader from a negative cloud. This is predominantly the
case over open country without very tall objects. The leader is negatively charged and its
current 1s negative. Il it does not reach earth (air discharge), no retum stroke ensues: 1t
constitutes a cloud discharge. Fig. 2.2 b shows a case when the negative downward leader
reaches the earth, the very fast upward moving return stroke develops and this discharges the
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leader and part of the cloud charge to earth. This sequence can occur once, producing a
single-stroke flash, or it can be repeated. producing a multi-stroke flash. The phenomenon is
defined as negative downward flash.

Figure 2.3, Upward poesitive discharge, where: [ - leader, » - return stroke; v - direction of propagation.

The second tvpe of lightning discharge is shown in Fig. 2.3, a and b. Fig. 2.3 a shows that
the discharge is initiated by an upward leader from earth. In practical case this situation can
occurred when tall earthed objects e.g. tower or mountain top are present, progressing towards
a negative cloud. The leader is charged positively. The charge flowing to earth, and thus the
currents in the object are negative. This phenomenon is defined as positive upward
leader/negative continuous flash. Type Fig. 2.3 b shows initial stage as for type Fig. 2.3 a,
followed by subsequent strokes. each having a downward leader and upward retum stroke as
type shown in Fig. 2.2 b. This phenomenon is defined as positive upward leader/negative
multiple flash.

Figure 2.4. Downward positive discharge, where: [ - leader. r - return stroke: v - direction of propagation.

The third tvpe of lightning discharge is shown in Fig. 2.4, a and b. Fig. 2.4 a corresponds to
tvpe shown in Fig. 2.2 a but under a positive cloud. Both the charge on. and the current in the
leader are positive. Since the leader does not reach earth. a displacement current flows in the
ground. Fig. 2.4 b shows when the positive downward leader reaches the earth, it gives rise to
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a positive upward retum stroke by which the leader and part of the cloud are discharged. This
phenomenon is defined as positive downward flash.

Figure 2.5, Upward negative discharge, where: [ - leader: r - return stroke; v - direction of propagation.

The fourth tvpe of lightning discharge is shown in Fig. 2.5, a and b. Fig. 2.5 a shows case
when from earth an upward leader is initiated under a positive cloud. The leader is negatively
charged (the tip of the structure constitutes the cathode). The charge flowing to earth is
positive and so is the current which, being of long duration, is described as a continuous
current. In real cases this can occurs if tall earthed objects are present. Type Fig. 25 b is
mnitiated as tvpe Fig. 2.5 a but the upward leader is followed, after 4 to 25 ms. by an
exceptionally severe positive downward discharge which must be regarded as a retum stroke.
The negative upward leader progresses in the form of a very long "connecting leader" into an
existing intra-cloud Mash which, first, caused the transient field bv which the upward leader
was initiated and. later, is discharged to earth through this "connecting leader". These
phenomenon are defined as negative upward leader/positive impulse-current flash. or in short.
positive impulse current flash (mountain tvpe).

Mostly downward flashes occur in flat territory. and to lower structures. whereas for
exposed and/or higher structures upward flashes become dominant. With effective height, the
probability of a direct strike to the structure increases and the physical conditions change. The
additional component in upward flashes is the first long stroke with or without up to some ten
superimposed impulses. But all impulse current parameters ol upward flashes are less than
those of downward flashes. A higher long stroke charge of upward fashes is not vet
confirmed. Therefore the lightning current parameters of upward {lashes are considered to be
covered by the maximum values given for downward [lashes. A more precise evaluation of
lightning current parameters and their height dependency with regard to downward and
upward flashes 1s under consideration|[17].

2.2.2. Lightning classification according to protection issues

The protection issues of electrical and electronic apparatus are subject of technical
standards. Topical publications include usually source of damage definition and define
lightning currents. The IEC 62305 standard suggests the following general subdivision
criterion for lightning flashes to earth [ 18]:
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— downward flashes initiated by a downward leader from cloud to earth (Fig. 2.2 and Fig.
2.4y

— upward flashes imtiated by an upward leader from an earthed structure to cloud (Fig. 2.3
and Fig. 2.5).

Further subdivision of strokes comes from their polanty (positive or negative) and from
their position during the flash (first, subsequent, and superimposed).

The possible components of current for downward flashes are shown in Fig. 2.6.

- 4 21

First shor stroke
Long shrose
Pesitve of negative t Posttive or negative t
f |
Subseguent
shon sirokes
Negative r Megalive t

IEE 200805
Figure 2.6, Possible components of downward flashes (typical in flat territory and to lower structures) [17].
Schematic illustration of phenomenon shown in Fig. 2.6. is founded on the base of

experimental measurements of lightning current performed in the last century. An example of
data corresponding to the negative downward lightning is shown in Fig. 2.7,
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Figure 2.7, Current of a multiple stroke negative downward lightning with 11 retumn strokes and one continuing
current |19
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This occurrence example consisting of 11 return strokes and one continuing current. The
continuing currents always follow immediately after a return stroke current, in present case
after the 8" return stroke. The peak currents of the subsequent retum stroke are in the range of
10 kA and thus much smaller than the peak currents of the first strokes. On the other hand. the
subsequent retum strokes have short rise times and therefore higher di dr values compared to
the first return strokes. The continuing currents differ from the return stroke currents
significantly having much lower current amplitudes in the range of some 100 A, but much
longer duration in the range of some 100 ms [19].

The possible components of current for upward fashes are shown in Fig. 2.8,
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M
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Posdive or negatve !
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A 08708

Figure 2.8, Possible components of current of upward flashes (typical to exposed andfor higher structures) | 17].

An example of data corresponding to the negative upward flash measured at the

Peissenberg tower is shown in Fig. 2.9,
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Figure 2.9. Current of a negative upward lightning measured at the Peissenberg tower, Germany| 9]

Impulse currents are supenimposed to the initial continuous current. These so-called
a components are short duration currents with amplitudes up to several kKA. After the
cessation of the imitial continuous current f components may follow, which are similar to the
currents of the subsequent return strokes. Furthermore, a small continuing current mav occur
immediately after a £ component as shown in Fig, 2.9 [19].
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2.3. Lightning currents and related parameters

2.3.1. General survey

The lightning current is the most important single parameter of the lightning discharge.
The scientific aspects of lightning protection as principals lactors include the wave-shape and
amplitude of analvse occurrence. The knowledge of these two parameters seem lo be
sufficient to solve electrical problems belong to lightning protection operation. Up to the
beginning of the 20™ century lightning protection measures were mostly based on empirical
knowledge. Misconceptions occasionallv keep on long afler improved information has been
available. It may have been the flickering appearance of a multiple lightning discharge which
first gave rise to the idea that the lightning current was oscillatory. Arguing from experiments
with Leyden jars. Sir Oliver Lodge (1892) convinced himself that lightning was an oscillatory
phenomenon with a frequency of about 1 MHz. Later it became fashionable to calculate this
frequency bv visualizing a capacitor, formed by a charged cloud and the earth. discharging to
earth through the channel which was represented by its internal resistance and inductance. As
late as 1924 this circuit was regarded as sufficiently valid for Creighlon to suggest that the
current amplitude could reach 1.450 kA and its rate of rise 400 kA us™'. In a paper which even
today would be remarkable for its wide scope Humphrevs argued. in 1918. that the lightning
current was more likely to be aperiodic than oscillatory and this was explained by the
suggestion that the internal resistance of the lightning channel exceeded the critical value for
damping. However, with the numerical values adopted by Peek (1924) a cloud was assumed
to be discharged in one single stroke and this led to the conclusion that the lightning current
would last no more than a few microseconds. On this basis Fortescue (1930) pointed out that,
if a charge of 20 C, a figure which had been established by Wilson (1920), was discharged in
2 ps, this would require a current amplitude of 10,000 KA. The argument about the oscillatory
or aperiodic nature of the lightning current lasted several decades [ 13].

In the middle of 20" century has been established that the lighining current i1s almost
mvariably umidirectional and Ampere's law could be used to measure the current peak value
with small magnetic links. The first device for lightning current measurement consist of small
bundles of parallel steel wires were located in glass tubes [20]. The magnetic links were
installed close to the down conductors. In case of a lightning strike they became magnetized.
The residual magnetism retained by the steel wires allow to derive the peak value and polarity
of the lightning current. Moreover the magnetic links were relatively cheap. what permitted to
widespread this technique, e.g. ten thousands of them were installed at high-voltage power
lines in Germany [21, 22|. Similar experiments were carried out at high-voltage power lines
and other high objects in Russia [23] and at high chimnevs in Poland |24]. In Czechoslovakia
more than 1000 lightning currents were measured [rom 1958 to 1985 at buildings with heights
ranging from 25 m up to 140 m |25].

The current waveform of lightning stroke probably was recorded by means of
oscilloscopes as the first by McEachron at the Empire State Building in New York, USA
during the thirties of the last century |26]. The use of storage oscilloscopes allowed resolving
the whole current waveform including the last rising current front and the slow decay. With
this method. Berger measured the lightning currents at two 70 m high towers on the mountain
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San Salvatore, Switzerland During a period of about 10 vears Garbagnati and Lo Piparo
recorded lightning currents at two 40 m high telecommunication towers located at Foligno
and Monte Orsa in ltaly [27]. In South Alrica the lightning currents were measured for more
than 15 vears at a 60 m high mast [28]. Because the probability of lighining strikes increases
with the structure height. in Russia even tethered balloons were used to erect a 1000 m high
steel wire [29]. Most of the lighting strikes to tall towers are upward discharges developing
from the top of the structure. At very high towers, like the 540 m high Ostankino tower in
Moscow. Russia. however. it was found that lightning may also terminate at the lower parts of
the tower |30, 31|, More recently upward lightning was measured at the Peissenberg tower in
Germany [32], the Gaisberg tower in Austria [33], the CN-tower in Canada [34] and the San
Chrischona tower in Switzerland [35]. The upward lightning typically occur in winter when
the thundercloud base is lower and closer 1o the tower top. From the measurements in Japan at
several high objects it is known that the lightning during winter thunderstorm may be very
severe transferring high charges to ground [36, 37]. Because even at high towers the number
of lightning strikes is restricted to a few up to some ten events per vear |38], rockets are used
to artificially tnigger the lightning discharges. The rocket quickly brings up a trailing metal
wire in a strong electric field which acts similar to a high tower where upward discharges are
initiated. Newman was the lirst who did such experiments when he started rockets from a boat
located at the coast of Florida in 1962 [39]. Meanwhile triggered lightning experiments have
been performed by several research group, e.g in Japan [40], China [41]. France [42] and the
USA [43-45]. The results reveal that the rocket triggered upward lightning has current
components similar to the current component of normal upward lightning. The most important
data originate from the experiments of Berger who measured the lightning currents from 1943
to 1971 at two telecommunication towers on the mountain San Salvatore, Switzerland.
The top of this mountain is 915 m above sea level and 640 m above the Lake of Lugano. Both
towers have a height of 70 m including the Franklin rod installed at the top. All in all, the
currents of more than one thousand upward and more than 200 downward lightning
discharges could be successfully recorded during this extensive measuring period. Up to now,
these results are the basis for the lightning protection standard series [EC 62305 edited by the
Technical committee TC 81 of IEC|19]. Nowadavs lightning parameters are continuously
collecting by means of lightning location systems (LLS) to determine a present lightning
activity and establish a new distribution of lightning current.

2.3.2. Lightning current shapes

As shown in paragraph 2.2 lightning occurrence may consist ol different flashes. For anv
kind of flash is possible to determinate a specific lightning current, with a wave shape typical
for occurrence. The knowledge of lightning current shapes consist of principals for lightning
protection. This aspect 1s important for two reasons. as a first for risk assessment and as a
second for adequate protection measure selection. The IEC 62305-1 standard defines that a
lightning current consists of one or more different strokes:
— impulses with duration less than 2 ms;
— long strokes with duration longer than 2 ms.



Normalized definition of impulse current with duration less than 2ms is shown in Fig. 2.10,
The peak value and front steepness of shape made of prevalent parameters. The time to half
value responds 1o energetic aspects of discharge.
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Figure 2,10, Definitions of impulse current parameters (typically 7> < 2 ms), where: €, - virtual origin; J - peak
current; Ty - fronl time; 75 - ime to hall value [17].

Normalized definition of impulse current with duration longer than 2ms is shown in Fig.
2.11. The time duration and total charge made of prevalent parameters. The front time as well
as time to half value can be neglected.

10% 10 %

f—

EC 200505

Figure 2.11. Delinitions of long duration stroke parameters (ypically 2 ms < Teowe < 1 5), Where: Tiaws - duration
time. Quons - long stroke charge [17].

For analysis purposes commonly as impulses with duration less than 2 ms three types of
current wave form are used. Namely, first positive impulse with a wave form 10/350 ps, first
negative impulse with a wave form 1/200 ps and subsequent negative impulse with a wave
form 0,25/100 ps. These forms is possible to determine bv means following equation,
suggested by [18]:
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[= - -exp(-t/r,) 2.1)
k 1+(t/7) . : {
where:
k — correction lactor for the peak current;
t—time;

/- peak value of the lightning current;
71 — front time constant;
7> — tail time constant.

The current shapes parameters of the first positive impulse. the first negative impulse and
the subsequent negative impulses are given in Tab. 2.1

Table 2.1. Parameters for Equation 2.1

P First positive Fir‘st negative Sul_mt! uent
impulse impulse negative impulse
k 0,93 0,986 0,993
T (Us) 19 1,82 (454
Tz (pS) 485 245 143

Examples of impulses with duration less than 2 ms of lightning current shape represent Fig.
2.12 and Fig. 213, Fig. 2.14 and Fig. 2.15, Fig 2.16 and Fig 2.17 for first positive, first
negative and subsequent negative impulse respectively.

The long stroke for analyses purposes can be described by a rectangular wave shape with
an average current f and a duration 17 oxg according to [18].
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Figure 2.12. Shape of the current rise of the first positive impulse [ 17].

24



100%

~
50 %
. \
-.,__‘_“_
""--...__“'--.._______‘_-_-“
0%
T L
[t ]

Figure 2.13, Shape of the current tail of the first positive impulse [17).
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Figure 2.14. Shape of the current rise of the first negative impulse [17].
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Figure 2.15. Shape of the current tail of the first negative impulse [17].
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Figure 2.16. Shape of the current rise of the subsequent negative impulses [17],

100 %

Figure 2.17. Shape of the current tail of the subsequent negative impulses [17].

2.3.3. Lightning current statistics

Lightning parameters were investigaled from the middle of the last century and a reliable
svnthesis of the collecied data were published within CIGRE activities [46-48]. These
parameters are usually obtained from measurement taken on high objects. These data are used
for the aim of lightning protection each structure according to standards IEC 62305 [17]. The
tabulated values of lighining current parameters are given in Tab. 2.2 Their statistical
distribution can be assumed to have a logarithmic normal distribution. The corresponding
mean value g and the dispersion s, are given in Tab 2.3.
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Table 2.2, Tabulated values of lightmng current parameters taken [rom CIGRE [47].

Parameter F::idL‘:ltu: : T \";:l;lcs 5% Type of stroke Fl;:"éi:' 8
4" 0" 90 | “First negative short 1A+IB
T{kA) 50 4,9 11.8 286 | "Subsequent negative short 2
200 4.6 35 250 | First positive short (single) i
1.3 1.5 40 Megative flash 4
s (C) - o -
300 20 80 350 | Positive flash 3
1,1 4.5 20 First negative shon &
Dapont (C) 0,22 0,95 4 Subsequent negative shornt
100 2 16 150 | First positive short (single)
o 55 350 | First negative shon
AR (k1) 0,55 0 52 Subsequent negative shont 10
10 000 25 650 | 15000 | First positive short 1
. .1 24.3 63 “First negative shon 12
f}iﬂm 99 | 399 | 161,5 | *Subsequent negative short 13
20 0,2 24 32 First positive short 14
d’i‘iﬁju ﬂ“" " 200 4,1 20,1 | 985 | *Subsequent negative short 15
rong (C) 200 Long
Tom (5) 0.5 Long
. _ [ 5.5 18 First negative short
ITOm{d'iatmn 022 1,1 4.5 Subsequent negative shorn
& 35 | 22 | 200 | First positive short (single)
_ 30 75 200 | First negative shon
Btrake d;:a[wn 6.5 32 140 | Subsequent negative shont
W 25 230 | 2000 | First positive short (single)
Tune interval (ms) 7 33 150 | Multiple negative sirokes
0,15 13 1 100 | Negative flash (all)
e Lt i | [ [Riendiodion
14 835 500 | Positive flash

a) Parameters and relevant values reported on [47)
by The values of J = 4 kA and [ = 20 kA correspond 1o a probability of 98 % and 80 %, respectively
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Table 2.3. Logarithmic normal distribution of lightning current parameters — Mean g and dispersion oy,
calculated from 95 % and 3 % values from CIGRE [ 18, 46-48].

Parameter M;“ m’pf:':““. Stroke type F";;";T 8
(61,1} 0,576 *First negative short (80 %) LA
333 0,263 *First negative short (80 %) 1B
T{kA)
11.8 0,233 "Subsequent negative short 2
39 0,527 First positive short (single) 3
) 7.21 0,452 MNegative fash 4
il I 0378 Positive flash 5
4,69 0,383 First negative short &
Dsiort (C) 0,938 0,383 Subsequent negative short 7
173 0,570 First positive short (single) 8
374 0,396 First negative short 9
R (kL) 535 0,600 Subsequent negative short ¥
612 (0,844 First positive short I
243 0,260 "Iirst negative short 12
f;':i:"l‘;: 40,0 0,369 "Subsequent negative short 13
2,53 (AT First positive short 14
dti‘:\’;\jp:: o 20,1 0,420 "Subsequent negative short 15
Crona (C) 200 Long
TionG (8) 0,3 Long
5,69 0,304 First negative short
l~'mut{ﬁ:;nti{m 0,995 0,398 Subsequent negative short
26.5 0,534 First positive short (simgle)
77.5 0,250 First negative short
S“"kf d;’“”"’“ 30,2 0,405 Subsequent negative short
: 224 0,578 Iirst positive shori (single)
Timfr:l";;nal 324 0403 Multiple negative strokes
12,8 1,173 MNegative flash (all)
ui:l::la::?f:w 167 0,445 Negative flash (without single)
837 0472 Positive flash
a) Parameters and relevant values reported on [47]
b @i = log(X e ) — log{Xsge ) where X 15 the value of parameter.
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Figure 2.18. Cumulative frequency distribution of lightning current parameters (lines through 95 % and 5 %
vidue) [18].

The value of the probability of occurrence of lightning current peak values exceeding the
previously considered is shown in Fig. 2.19.
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Figure 2.19. Values of the lightning current amplitude [ and the relevant probability  of occurrences.

2.3.4. Lightning current parameter for LPL according to IEC standards

The IEC standard 62305 series propose four lightning protection levels (LPL). called LPL
I. LPL 1I. LPL III and LPL IV. The subdivision of LPL is based on the lightning current
values. This fact is strongly related with protection of structures based on the risk assessment
threat |17]. The minimal and maximal values of lightning current for each level are given in
Tab 2.4.
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Table 2.4, Parameters of lightning current according o LPL delined by 1EC standards [17].

LPL
I 11 m v
II1III| {}‘n ' II1I.I|'\': [Lﬁj ':I1III1 ikﬂ ' ':IH.I:‘: :Lﬂj III1III1 tkn] l’Ill.lT :kﬁ ' Il'llIII: {,Lﬁ ' "’|I'le l:}"ﬂ '

Type of
discharge

First
positive 3 200 3 150 10 100 16 100
impulse

First

negative
impulse

tad

e 5 75 10 S0 16 S0

Subsequent
negative 3 50 J 15 10 25 16 25
impulse

Taking into account lightning current statistics (2.3.3.) and the critenon of LPL, the
following comments can be formulated respect to lightning protection issues:
- peak value of the first stroke - the lowest values of the statistical distribution of current
amplitude of downward flashes are important for the choice of the number and position of the
air termination system to prevent direct lightning flashes to the structure to be protected: the
highest values of the statistical distribution of current amplitude are important for sizing of
protection measures (electrodynamic effects, etc.).
- maximum rate of rise - the highest values of the statistical distribution are important for the
dimensioning the prolection measures in order 10 avoid inductive effects of lighining current
(induced overvoltages) and dangerous sparking;
- flash duration and total charge in the flash - the highest values of the statistical distribution
are important for the sizing of the air terminations system aimed at limiting the thermal effects
at the impact point of the lightning flash:
- specific energy in a flash - the highest values of the statistical distribution are important for
the selection of the conductor of the protective system, aimed at preventing damage due to
thermal effects and for setting up a suitable earthing system in order to prevent life hazard.

In terms of lightning protection fixing the minimum lightning current parameters is also
important, This parameter has an influence for the interception efficiency of an air-
termination svstem. The geometrical boundary of areas which are protected against direct
lightning fashes can be determined using the rolling sphere method. The minimum value of
lightning current influences for the dimension of rolling sphere radius. Moreover following
the electro-geometric model, the rolling sphere radius » (final jump distance) is correlated
with the peak value of the first impulse current. The electro geometrical model [49] can be
describe by means of following equation accepted by the international standard [ 18]

r=10-1"" (2.2)

where
r — rolling sphere radius (m):
I, —peak current (kA).
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For a given rolling sphere radius r it can be assumed that all flashes with peak values
higher than the corresponding minimum peak value /, will be intercepted by natural or
dedicated air terminations,

The lightning current parameters of LPL I for lightning protection purposes consist of
severe case. The mechanical effects of lightning are related to the peak value of the current
(/). and to the specific energy (W/R). The thermal effects are related to the specific energy
(W/R) when resistive coupling is involved and to the charge (Q) when arcs develop to the
installation. Overvoltages and dangerous sparking caused bv inductive coupling are related to
the average steepness (di/dr) of the lightning current front. Each of the single parameters (/. O,
WIR, difdr)y tend to dominate each failure mechanism,

For positive impulse and long stroke the values of I, O and W/R related to mechanical and
thermal effects are determined from positive flashes (because their 10 % values are much
higher than the corresponding 1 % values of the negative flashes). From Fig. 2.18. (lines 3, 5,
8. 11 and 14) the following values with probabilities below 10 % can be taken:

I=200kA
Oprasu=300C
Osporr= 100 C
WIR =10 MJ/Q
difdr = 20 kA/ps

For a first positive impulse. these values give a [irst approximation lor the [ronl time:
Ty =1/ (dildty= 10 ps(T; is of minor interest)

For an exponentially decaving stroke, the following formulae for approximate charge and
energy values apply (1) =< T3)
Osporr = (1/0T7) x I x T
WiIR=(1/2)« (10N« =T,

These formulas. together with the values given above, lead to a first approximation for the
time to half value:
T2=350 pus

For the long stroke, its charge can be approximately calculated from:
Orone = OrLasn — Osuorr = 200 C

Its duration time mayv be estimated as:
Tong =055

The first negative impulse for some inductive coupling effects. leads to the highest induced
voltages, e.g. for cables within cable ducts made of reinforced concrete. From Fig. 2.18. (lines
| and 12) the following values with probabilities below | % can be taken:

/=100 kA
dildr = 100 kA/us

For a first negative impulse these values give a first approximation for its front time of
Ty =1 {dildt)y= 1,0 us

31



Its time to half value may be estimated from the stroke duration of first negative impulses:
12=200 ps (15 is of minor interest).

For subsequent impulse, the maximum value of average steepness di/dr related to the
dangerous sparking caused by inductive coupling is determined from subsequent impulses of
negative flashes (because their 1 % values are somewhat higher than the 1 % values from first
negative strokes or the corresponding 10 % values of the positive [lashes). From Fig. 2.18.
(lines 2 and 15) the following values with probabilities below 1 % can be taken:

I=350kA
difdt = 200 kA/us

For a subsequent impulse these values give a first approximation for 1ts front time of:
T=1/(dild)=0.25 nus

Its time to half value mav be estimated from the stroke duration of negative subsequent
impulses:
T2 =100 ps (73 1s of minor interest).

In Fig. 2.20 the amplitude density of the lightning current according to LPL I is shown.
It is to note that the lightning current frequency can achieved range of MHz.

relevant frequency range
for LEMP effects
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Figure 2.20. Amplitude density of the lightning current according to LPL 1[17].
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24. Frequency of lightning discharges to earth

Frequency of lightning discharges can be a topic of interest diversified professional groups.
Recent interest in how global lightning activity might change in the future as a result of global
warming, and how the distribution and frequency of lightning activity changes from year to
vear as a result of the phenomena, has led to renewed interest in determining the global flash
rate. Lightning frequency is used in the parameterization and validation of global chemical
transport models used to understand the impacts of trace gases and the vanations in the
Earth’s ozone are requiring increased spatial and temporal details of global hghtning, an
important natural source of NOx [15]. The global MNash rate has an impact for Schuman
resonance (SR) observations and finally frequency of lightning discharges has a place in field
of protection against lightning. Unanimously lightning frequency is key aspects of the
climatology. Its value include regional differences, land/ocean variability, and zonal and
meridional decomposition. The time of observation has also an influence for its value
In global scale the thunder dayv statistics determined by human observers and compiled by the
World Meteorological Organization (WMO) 15 one of the best sources of proxy information
concemning lightning activity worldwide |[15]. Nowadavs in regional European scale the
thunder dayv statistics obtain by means of EUCLID network is also reliably information,
confirmed by several studies [50].

To utilize information on the occurrence of lightning Mashes. a value which describes the
number of events per unil area and time. i.e. the density, is needed. Ideallv, to obtain this for
each type of flash, an arbitrary area should be agreed on and a record of the occurrence in the
area of each tvpe kept for a statistically useful period. Convenient units are km” s or
km™ v, For regional studies. the area is assumed to be of the order of 1,000 km’.

Reports of extreme values of observed [lashing rates during severe thunderstorms are
difficult to assess as the circumstances are seldom stated, eg. Israel (1973) gives 1,000
flashes in 15 minutes and Lane (1966) states that in Pretoria 360 flashes occurred in 3
minutes, and for about an hour 100 flashes per minute were recorded. Shackford (1960)
reported a maximum of 1,800 flashes per hour for storms in New England (U.S.A.) within |
mile of the observer. Presumably a number of cells were active simultaneously and all tvpes
of Mash were counted. Thomas (1955) reported from the Persian Gulf that on one evening the
lightning was so frequent and intense as to appear as one continuous. vivid light. There
appears to be little information on the possible relationship between the tvpes of thunderstorm
and the incidence of the different types of flash. From temperate climate studies, Holzer
(1953) states that the proportion of ground flashes is higher for frontal than for air mass
thunderstorms. He also noted that intra-cloud flashes became relativelv more [requent than
ground flashes in the latter stages of the life of the cell. Blevins and Marwitz (1968) found
that the proportion of ground flashes to total flashes decreased as the total fashing rate
increased. Thus the proportion varied from 90% at 0 to 10 flashes per minute to 9% at over 70
per minute, A five-year study in a subtropical climate (Prentice, 1960), in which lightning-
caused laults 1o an electricity distrnibution system (1,000 km route length) were recorded,
showed that frontal and trough thunderstorms together caused about three times the number ol
faults attributed 1o air mass thunderstorms | 13].
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Global estimates of lightning incidence are few but the following are some examples.
Brooks (1925) has given 200 flashes per hour as the most probable mean value for a severe
thunderstorm in the temperate zone or for an intermediate thunderstorm in the tropical zone.
Later work. reported by Israel (1973), gives an estimate ol approximately 60 ground flashes
per hour. Brooks (1925) also estimated that about 100 flashes per second occur over the
earth's surface. Kolokolov (1971) gave a similar value, 117, noting that 69% were cloud
flashes and 31% ground fashes. Loch (1972), from narrow-sectof direction-tinder studies

states that, for the centre of European U.S.S.R.. the mean flashing rate (all tvpes) mav be
taken as 0-25 km™ h™ [13].

The internationally accepted parameter of lightning incidence is the thunder-day (ie a
calendar dav on which thunder is heard at a station), denoted by Ty The established method of
summarizing thunderdav data i1s the 1sokeraunic map. and from such a map the areas of
differing levels of thunderstorm incidence are obvious. The map may be global or regional.
Generally speaking, the highest incidence is near the equator and the lowest near the poles.
Maps based on thunderdavs per month also show the change in seasonal incidence. tvpically a
maximum in the local summer and a minimum in the winter. In the equatorial zone. the
variation in incidence is less than elsewhere and there may be two peaks in the annual
variation.

An example of annualized distribution of total lightning activity is shown in Fig. 2.21 [15].

-150

Flashes km™ yr”

Quinrdm-Neonz3REEY

Figure 2.21. The annualized distribution of total lightning activity (in umits of flashes km™ yr''y [15].

The time of observation influences significant for registered values., what i1s shown in
Fig. 2.22 [15].
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Figure 2,22 The seasonal distribution of lightning activity (annualized in units of flashes km™ yr'"). The contour
levels are identical to those of Fig. 2.21. (a) December, January, and February. (b) March, April, and May. (c)
June, July, and August. (d) September, October, and November [15].

The lightning ground flash density N, is the number of lightning (lashes per km’ per vear.
This value is available from ground flash location networks in many areas of the world, but no
common rule exists giving requirements neither for their performances nor for the elaboration
of the measured data. In order to make reliable and homogeneous the values obtained from

lightning location systems in various countries using such systems, an international standard
is needed.

According to the IEC standard [17] if a map of N, is not available, in temperate regions it
mav be estimated by:

N =01-T, (2.3)
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2.5. Lightning location and warning systems

2.5.1. Measurements techniques

The development of lightning location systems (LLS) has been driven by both basic
scientific interest and by a variety of applications and practical needs. The requirements for
applications come in many forms, including new value-producing capabilities. improvements
in quality/reliability of the information. and loss reduction, Locating lightning is a complex
task and involves numerous distinct areas as lightning physics, propagation of transient
electromagnetic fields over finitelv conducting ground, applied sensor technology, local sile
conditions of each sensor, applied location method. parameterization of location algorithm
and finally the rehability of communication between sensor and central analvser [14].
An example of block representation of simplified LLS is shown in Fig. 2.23.
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Figure 2.23. Block representation of the measurement sy stem.,

Presently lightning occurrences are mapped by means of different LLS ground svstems
[14. 45, 51, 52]. The accuracy of measurement is verified by means of fast cameras [53] or
from space | 54|. Generally all LLS sensors are exposed to electric and magnetic field signals
from various discharge types during thunderstorm activity. Although the fields produced by
return strokes in flashes are by far the largest VLF/LF lightning signal, other components of
in-cloud and intra-cloud Mashes are also detected in this frequency range. especiallv from
sensors nearby the storm. It is a complex task to correctly identify and classify each lightning
emitted electromagnetic pulse. Sensors are [requently reporting different waveform
parameters as a result of signal attenuation when propagating over ground of finite
conductivity (Fig. 2.24.).

Figure 2.24. Mustration of ightning locating techmques and operating frequencies [54].
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Most LLS utilize the VLF/LF band from ~1 kHz to several 100 KHz, whereby dominant
emission comes from ~10 KHz (wave length ~30 km), As long as ranges shorter than ~600
km are relevant, the detected signals represent ground waves that propagate with distance, D,
according to ~1/D. They are quite indifferent to obstacles. and follow the curvature of the
Earth. Receivers use simple rods or loops as antenna for the electric or magnetic field of the
lightning pulse. The electric field delivers the stroke amplitude and its polarity: detection of
only the magnetic Mux vields the polarity only afler the stroke location has been deternuned in
the network. Depending on the noise level and svstem thresholds relatively small signals can
be detected, but stroke locating succeeds only when the signal arnives at a sufficient number
of sensors. Thus, the network efficiency depends also on the baseline of the receivers. Stroke
locating can be achieved with direction finding (DF). time of arrival (TOA), or a combination
of both technique.

DF operates at VLF/LF and first time used in 1920. For lightning discharges the initial
field peak of the radiated magnetic (and electric) field occurs at a time, when the upward
propagating return stroke has reached a height of a few hundred meters. DF svstems
determine the direction just at the time of nitial peak field incidence from signals measured
by crossed loop antennas. Hence the resulting direction vector points as closely as possible to
the location where the lightning stroke attached to ground. Sampling of the electric field is
also required at this time to determine the stroke polarity.

In a tvpical network three or more sensors report a discharge and an optimization which
minimizes the angle disagreement between the reporting sensors can be emploved as shown in
Fig. 2.25.
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Figure 2.25, Optimal location algonithm for direction hindimg [55].

Proper location of lightning with DF sensors requires implementation of the so called site
error correction in the location algorithm. Local sensor site conditions (nearby objects, metal
fences, buried cables or other conducting installations) are causing a more or less significant
change in the direction of field incidence, which can be up to 10° or even more for a poor
sensor site. It 1s possible to determine these svstematic site errors for each DF sensor site [rom
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historical data in form of a correction function Ap = f(p) and consider these correction in the
location algorithm. An example of such a tvpically two-sinusoidal site error function is shown
in Fig. 2.26.
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Figure 2.26. Typieal site error function of a DF sensor. (+) Error values determined from histornieal data, solid
ling represents n-harmonie (it (o the point data and 15 used as error correction function in the location algorithm
|55].

TOA operates at VHF and first time used in 1970. This techniques measure the arrival time
of a lightning electromagnetic pulse at the detector as accurate as possible. Since the travel
times from the lightning source to the employed detectors depend on the respective distance.
the measured arrival times will differ characteristicallv, Least-squares procedures. standard in
high-precision data analvsis, allow determining the lightning source point such that the
differences between measured and recalculated travel times are minimized. A constant
difTerence in the arrival time at two stations defines a hyperbola, and multiple stations provide
multiple hyvperbolas whose intersections define the source location (Fig. 2.27).

Figure 2.27. Hyperbolic interseetion method for locating lightning using three sensors [33).

Locating lightning by TOA method requires precise synchronization of the sensors, which
15 available from GPS satellite signals today, and a minimum of three sensors reporting a
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stroke. Under some geometrical conditions, curves produced from only three sensors will
result in two intersections, leading to an ambiguous location as shown in Fig, 2.28.

Figure 2.28, Example ol an ambiguous location for a three sensor hyperbolic intersection [55].

Each of sensors measures time of detection. DifTerence between stroke time and the
moment, when sensor detects LEMP of discharge is equal to time. that is needed for wave 1o
travel from stroke location Py(xs. vo) to the sensor (Fig 2.29).

Figure 2.29. Theoretical aspect of lightning occurrence locahization with the help of three TOA sensors [ 56].

Considering three-sensor network, the following three equations for determining stroke
time 1o in point Py(Xa. vo) can be presented:

fo =t~ [ =) + 0 =3 ) (2.4)
[

fo =13 - ‘;(x: ~%o)" + (2= o)’ (2.5)
B
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Solution of this equation svstem is quadratic equation, what results two solutions shown in
Fig, 2.30.
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Figure 2.30, Ambiguous solution of three-hyperbola sysiem [56).

Presented problem of location is generally avoided if four sensors are required to locate a
discharge. For this reason. advanced LLS emplov both a sufficient number of sensors and
sophisticated analvsis software. In principle. four non-redundant reports suffice for a 2D-
location, Determination of 3D-locations and redundancy of solutions suggest the use of more
than four sensors.

Combined Direction Finding and Time-of-Arrival (DF + TOA) method combining both
techmques and referred to as IMPACT (IMProved Accuracy using Combined Technology)
method was introduced by Global Atmospherics in the early 1990°s. In this approach.
direction finding provides azimuth information and absolute arrival time provides range
information. The combined DF + TOA method has redundant information which allows an
optimized estimate of the three unknown parameters - latitude. longitude. and discharge time,
even when only two sensors provide both timing and angle information. Both techniques have
some advantages and disadvantages over each other. These (dis-)advantages regard base line,
level of detail and cover of lightning tvpe and one or both techniques can be chosen
depending on the application it will serve. Combining both techniques is a powerful way to
gain performance in detecting lightning-discharges.

Independently of technique used. LLS charactenstic determines:
- detection elTiciency;

- location accuracy;

- detection capacity:

- detection range;

- susceptibility to disturbances.

Detection effliciency is fundamental parameter to describe LLS and determine its
usefulness. Since a flash can consist of several strokes, detection of a flash is already achieved
with the detection of al least one of the strokes or of other discharge components. Generally,
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strong strokes are detected with high efficiency close to 100%, whereas the detection
efficiency deceases to zero when the strokes become weaker. The lower limit varies greatly in
different LLS: mostly, range-normalized stroke currents are efficiently detected above some
10 kA, although it turned out that the most frequent stroke currents are usually found below
10 KA.

2.5.2. EUCLID network

Meteorological services utilize lightning data for manv different purposes, dominantly in
the context of national duties, public services. and international commitments.

Real-time lightning data is observed by forecasters and may be overlaid with radar and
satellite images (cloud images. brightness temperature) in order to produce nowcasting
information and to check the necessity for issuing waming in specific areas for the public,
protection services, and many industrial branches. A first lightning signal is considered as a
sertous indication for a situation having the potential for an upcoming storm. As regards early
recognition of severe weather conditions it 1s generally accepted that, among others, the event
rate of efficiently measured cloud lightning represents a useful indicator. Automated waming
tools in pre-defined regions benefit from LLS that provide accurate stroke positions and
reliable border areas of storm cells, with a minimum of false reports.

In aviation it is a vital objective to provide reliable storm information for extended. mostly
supra-regional areas to airlines and pilots so that carriers can adjust flight paths in time to
avoid dangerous thunderstorm clouds with lightning, hail and strong wind gusts. At present,
lightning data is provided mostly for self-briefing by the specific user groups. Onboard
lightning detection is widely used. but neither compulsory nor sufficientlv accurate: for this
reason, a number of projects are under way with the aim of transferring advanced
meteorological data with the inclusion of lightning parameters into the cockpits, and to arrive
al equal information levels on the ground and in the air.

Basic numerical weather prediction with the aim of storm warning, nowcasting and
forecasting use lightning data and combinations with other meteorological data sources.
Numerous advanced tools are under development. often with co-operations of scientific
institutions and involvement of educational programs. Analvsis of lightning occurrence as a
function of time, and for different areas is part of studies in climatology.

Among the practical applications of lightning data are expert’s reports on the probability
that lightning was the cause for some ground damage. mostly in connection with insurance
cases.

For these reasons. European Cooperation for Lightning Detection (EUCLID) is
established. EUCLID is a collaboration among national lightning detecting networks with the
aim to identify and detect lightning all over the European area. The countries involved are
Germany, Austria, Hungary, Czech Republic. Slovenmia, Holland, Belgium. Luxembourg,
Italy, Poland, Slovakia, Norway, Finland, Denmark, Sweden, France, Croatia and Serbia
(see Fig. 2.31).
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B EUCLID member countries_

Figure 2.31. Members of the EUCLID Network |56]

At the moment the complete network consists of about 140 sensors. in these 19 countries,
contributing to the detection of lightning. The position of sensors i1s shown in Fig. 2.32.
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Figure 2,32, Sensors position of the EUCLID Network [36],
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All the lightning data is detected by means of electromagnetic sensors, which send raw
data to a central analyser. The technology involved is provided by Vaisala [57]. Each sensor
detects the electromagnetic signal emitted by the lightning return stroke. This technology uses
GPS Satellite signals lor time information, For each lightning stroke the main parameters are
recorded, namely the time of event. the impact point (Latitude and longitude). the current
intensity and polarity, and the number of subsequent strokes. The data of all the sensors
throughout the network are concentrated in real-time in two Euclid central operational centres.
They are computed there immediately to calculate the lightning locations and oplimise the
data quality, The resulting data are sent in the course of processing to the Euclid service
operational centre. This leads to a complete picture of lightning activity in real ime. An
example of real ime data is shown in Fig, 2.33. All lighining data collected is archived as
well for post-storm analvsis. The Euclid network provides lightning data for Europe with
homogenous quality in terms of detection efficiency and location accuracy. Individual
participating networks receive real-time access to the complete Euclid data and use this data
to serve clients for national lightning data. Each network retains its national independence and
provides lightning data for individual user applications in their own countrv as well. The core
operational applications for EUCLID include meteorology. hyvdrology. electric power utilities,
communications, insurance, forestry, defence and aviation. It is the objective of Euclid to
benefit the members by interconnecting national lighining detection networks. exisling in
various couniries in Europe, to establish a united network covering the greater part of the
European continent on a cooperation basis.
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Figure 2.33. Example of Hghtning thunderstorm over Furope in real time | 56].
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EUCLID as lightning location network archives all the lightning information into a
database and can suit anv customers need with off line data and can as well provide any kind
of post process information, like evaluate the mean number of flashes to ground or to tell how
many lightning strokes hit in a particular area at a particular time. Statistical maps and
tailored-studies can be provided. based on the European wide lightning database.

According to the annualized distribution of total lightning activity shown in Fig, 2.21, high
values of lightning flash density include the Mediterranean region. This region is covered by
EUCLID network by means of Sistema [taliano Rilevamento Fulmini (SIRF) belongs to
Centro Elettrotecnico Sperimentale Italiano (CESI).

The Iltalian lightning detection network is formed by 16 sensors positioned on the Italian
territory |58]. Some sensors located nearbv the Itahian border. in Ausiria, France and
Switzerland. are as well used to enhance the network sensitivitv. The sensors localisation is
shown in Fig. 2.34. All the sensors are of IMPACT (Global Atmospherics Inc.) technology.
that is broadband electromagnetic antennas, with GPS svnchronization, TOA and DF
calculation methods. They detect the electromagnetic field emitted bv any cloud-ground
lightning, providing raw data (EM field vector, time, etc.). Each sensor is able to discriminate
a lightning signal from the background noise.

B SIRACTSA

Figure 2.34. SIRF Network [39].

The sensors, located in Italv and abroad. send the raw data to the SIRF Operating Center,
through dedicated telecommunication lines. Each sensor is linked to the operating center,
located in Milan at the CESI headquarter, through a dedicated ISDN line. Any of these lines
transmut the raw data to the SIRF central Router and send commands from the operating
center to the sensor. in case of remote controls or operations. The Router as well sends the
raw data both to the central analvser and to the backup analvser. Once calculated, the
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lightning data are sent to the SIRF Central Database via the SIRF internal network. Data
coming [rom each sensor are received and elaborated by the central analvser, which calculate,
in a few seconds, the impact geographic coordinates, the time of impact and the electric
parameters of each lightning event (current amplitude. polarity. number of strokes).

Calculated data are thus ready to be sent to customers or to be saved into the central
database. From this database all the information can be extracted at any time and in any
format (statistics, maps. tables, ASCII file. and so on). Examples of lightning activity
detection over Italy are shown in Fig. 2.35 and Fig. 2.36.
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Figure 2.36. Example of lightning activity over laly [59].
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2.5.3. Thunderstorm warning systems
Thunderstorm Waming Svstems (TWS) provides information in real-time on atmospheric
electrical activity in order to monitor for preventive means [60)].

This information can be particular helpful in following field of application:
people in open areas: maintenance people. labour, sports or other open-air activities,
competitions, crowded events, agricultural activities, farms and fisheries:
wind farms, larger solar power systems. power lines. etc..
occupational health and safety prevention;
safeguarding sensitive equipment. computer systems, electric or electronic systems,
emergency systems. alarms and safety;
prevention of losses in operations and industrial processes:
prevention of serious accidents involving dangerous (e.g. flammable. radioactive. toxic.
and explosive) substances:
prevention in specified environments or activities with special danger of electrostatic
discharges (e.g. space and flight vehicle operations);
operations in which the continuity of the basic services needs to be guaranteed (e.g.
telecommunications, the generation, transport and distribution of energy, samitary
services and emergency services),
infrastructures: ports, airports, railroads, motorwayvs and cableways;
civil defence of the environment: forest fires, landslide and floods:
managing traffic (e.g. airplanes.) or wide networks (e.g. power lines, telecommunication
lines) may also benefit from having early detection of thunderstorms.

The European Standard EN 50536 provides information on the characteristics of
thunderstorm waming svstems and information for the evaluation of the usefulness of
lightning real time data and/or storm electrification data in order to implement lightning
hazard preventive measures. This standard defines the basic parameters related to
thunderstorms and to TWS as well as how 1o use these parameters for preventive actions |6(0)].

In general terms. TWS are useful to control, prevent or reduce loss of life, damages to
goods, services or properties (with the associated economic losses) and environmental
hazard.

Risk management for the application of TWS has to consider a wide range of situations.
In general terms, a TWS attempts to reduce nsks due to dangerous events by means of
anticipating temporary preventive measures allowing reducing the exposure time to the threat
and/or cutting ofT lines conducting surges into the structure. More specifically a TWS is not
able 1o substitute or replace a lightning protection system and protection against lightning
associated surges addressed in IEC 62305,

TWS provide real-time information on atmospheric electrical activity. thus the statistical
data referred to thunderstorms might have no direct relation with the evaluation of the
prevention advisability. So. the advisability of implementing lightning safeguard procedures
in a certain area depends on the characteristics of the activity performed, the public zones
exposed to thunderstorms, its human presence and the possibility of taking effective
preventive actions as a consequence of the information provided by the TWS.
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In particular, risks calculated according to IEC 62305-2 can be reduced by the use of TWS
as follows [60)];

Risk R; can be reduced by either stopping a process or transferring people to a safe shelter
or avoiding dangerous activity, It is also possible to disconnect external services and use only
local generators for example. This may apply to a complete structure, to a zone or to a
particular service,

Risk R> can be reduced by use of a TWS if the production of the service to the public can
still be offered while a specific procedure is followed. But, by nature, all the external services
need to be operational for providing the service. As such, power, telecom and gas services
cannot use TWS to reduce the risk. Only services provided at distance (for example TV and
radio) can have their risk reduced by storm detectors. The TWS can be used to move from
external power supply to a power generator inside the structure but all other lines, generally
cannot be disconnected. As the storm detector has a Failure To Wam Ratio, the lines need to
be considered but risk related to some of them (mainlv power lines) can be reduced.

Risk R: can be reduced by disconnecting external services and using only local generators
even If TWS cannot avoid lightning striking an historical or national heritage building. This
is similar to above.

Risk Ry can in general benefit from using a TWS.

The risk components affected by the use of TWS and the amount of their reduction should
be evaluated by the lightning protection designer according to the fixed plan of action of the
protection measures (o be undertaken in coordination with TWS.
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2,6. Summary

In the present chapter selected aspects concerning lightning phenomena are reported.
Survey is started with description of thunderstorm occurrences. Meteorological point of view
is given, as well as some principal physical aspects are described. A natural lightning fash is
a complex phenomenon composed of successive events. also called flash components. with
different physical features, namely discharge tvpe and propagation, radio frequency radiation
type, current values, and time duration.

Lightning discharge are classilied. A special focus is dedicated to lightning discharges to
earth. Principal mechanism of lightning occurrences are specified taking into account four
fundamental cases. namely: downward negative discharge. upward positive discharge,
downward positive discharge, upward negative discharge.

The classification given is focused on protection issues defined by means ol international
standards of lightning protection. The possible components of lightning current for downward
and upward fashes are reported. Moreover some examples of lightning current are presented.
namely current of a multiple stroke negative downward lightning, and current of negative
upward lightning.

The lightning currents and related parameter issues are examined. The overview cross the
historical aspects of knowledge of some [undamental lightning parameters e.g. peak value.
The present state of art is also presented. Lightning current subdivision is described and
respectivelv wave shape forms are shown. Furthermore actual data of lightning current
probabilistic distribution are reported.

The lightning protection level (LPL) concept referring to IEC standard is discussed. The
subdivision of LPL is based on the lightning current values. This fact is strongly related with
structures protection based on the risk assessment threat. The maximal values of lightning
current for four lightning protection level are given. The influence of lightning current
features on structure protection issues is discussed.

Selected aspects of frequency of lightning discharges to earth are reported. The definition
of lightning ground flash density is given. Examples of lightning fash density maps are also
given.

Special focus is dedicate to lighining location svstems (LLS) with aim to present current
state of technologies relevant to the lightning phenomena. The measurements technique
concept is presented. Available. common used techniques. namelv DF. TOA and DF+TOA
are reporied. The features determining LLS are presented. An example of lightning location
network based on the European Cooperation for Lightning Detection (EUCLID) is given.
Some details on Sistema Naliano Rilevamento Fulmini (SIRF). managed by Centro
Elettrotecnico Sperimentale Italiano (CESI), covering Mediterranean region are shown,
Moreover some aspects of thunderstorm wamning systems are given.
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Chapter 3



3. Classification and characteristics of critical occurrences:
damage source determination

3.1. Critical occurrences determination

Current of a lightning discharges related to a structure can result in damage (o the structure
itsell’ and to its occupants and contents. including failure of apparatus and especially of
electrical and electronic systems. The damages and failures may also extend to the
surroundings of the structure and may even involve the local environment e.g. fire spread. The
scale of danger extension depends on the charactenistics of structure and on the characteristics
of lightning flash which is corresponding to location of structure. Effects of lightning on a
structure include, construction, function, occupants and contents. entering installations,
measures o limil consequential effects of damages. scale of the extension of danger. The
correctly determination of damage source is crucial 1o a civil structure safetv. as well as
critical structure e.g. Nuclear Power Plant | 17. 61-64].

Unambiguous the source of damage is the lightning current. The causes of damage depend
from the position of the striken point in relation to the structure. The following situations can
be distinguished [17]:

- [lashes to the structure, this occurrence in the international standards is called: source of
damage S1;

- Mashes near the structure, this occurrence in the international standards is called: source of
damage S2;

- Mashes to the services connected to the structure. this occurrence in the intemational
standards 15 called: source of damage S3;

- flashes near the services connecled to the structure, this occurrence in the intemational
standards is called: source of damage S4.

The dangerous occurrences related to the structure are presented in Fig. 3.1
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Figure 3.1. Dangerous occurrences related to the structure: 1 - strueture: 2 - air lermination system; 3 - down

conductor svstem;, 4 - eanth termination system; 5 - ineoming lines; 81 - flash o the strocture; 52 - flash near 1o
the structure; 53 - flash o a serviee connected to the structure: 84 - flash near a service conneeted to the structure;
r - rolling sphere radius; s - separation distance against dangerous sparking or 100 high magnetic field: ¥V - ground
level. [18]
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Effects of lightning on various tvpes of structures are reported in Tab. 3.1.

Table 3.1, Effects of lightning on typical structures [17].

Type of
structure
according to
function and/or

Effects of lighining

company, elc.

confents
Puneture of electrical installations, fire and material damage
Damage normally limited to objects exposed o the point of stnke or 1o the hightning
Drvelling-house | current path
Failure of clectrical and electronic equipment and svstems installed (eg. TV sets,
computers, modems, telephones, ete.)
Primary risk of fire and hazardous step voltages as well as material damage
Farm building Secondary risk due to loss of electric power, and life hazard to livestock due to failure of
electronic control of ventilation and food supply systems, etc
Theatre,
Hotel, Damage to the electrical mstallations (e.g. electnie lighting) hkely o cause panic
School Failure of fire alarms resulting in delaved fire (ighting measures
Department store
Sports area
Bank
Insurance — : - .
mmpun!:: As above, plus problems resulting from loss of communication, fallure of compulers and
) 2 loss of data
Commercial

Hospital
s As above, plus problems of people in intensive care, and the difficulties of rescuing
Mursing home : :
_ immobile people
Prison
ity Additional effects depending on the contents of factories, ranging from minor (o
siry .
i unaccepiable damage and loss of production
Museums and
archeologieal sites | Loss of irmeplaceable cultural heritage
Church
Telecommunicati
ons Unaceeptable loss of services to the public
Power plunts

Firework laclory
Munition works

Consequences of ire and explosion to the plant and its surroundings

Chemical plant
Refinery
Muelear plant
Biochemacal
laboratories and
plants

Fire and mallunction of the plant wath detrmmental consequences to the local and global
environment

The source of damage 51 can cause; immediate mechanical damage. fire and/or explosion
due to the lightning channel itself, or its current (over-heated conductors) and its charge
{melted metal); fire and/or explosion initiated by sparks caused bv overvoltages resulting
from resistive and inductive coupling: injuries to people by step and touch voltages resulting
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from resistive and inductive coupling; failure or malfunction of electrical and electronic
svstems due to the Mlowing of part of the lightning currents and to overvoltages resulting from
resistive and inductive coupling (LEMP).

The source of damage S2 can cause failures or malfunction of electrical and electronic
svstems due to overvoltages resulting from LEMP.

The source ol damage S3 (mains. telecommunication and data lines) or other services can
cause: fire and/or explosion triggered by sparks due 1o overvoltages appearing on external
power lines entering the structure: injuries to people due to overcurrents and to overvoltages
appearing on external lines connected to the structure; failures or malfunction of electrical and
electronic systems due to overvollages appearing on external lines connected to the structure.

The source of damage S4 can cause: failures or malfunction of electrical and electronic
svstems due to LEMP in external lines connected to the structure.

The services from the lightning protection point of view are special treated. Lightning
affecting a service can cause damage to the phvsical means itself (line or pipe) used to
provide the service. as well as to connected electrical and electronic equipment. The scale of
this extension depends on the charactenstics of the service, on the tvpe and extension of the
electrical and electronic svstems and on the characteristics of the lightning flash. Effects of
lightning on a service include, construction (line: overhead, underground, screened,
unscreened, fibre optic; pipe: above ground, buried, metallic, plastic), function
(telecommunication line, power line, pipeline). structure supplied (construction, contents,
dimensions, location), existing or provided protection measures (e.g. shielding wire, SPD.
route redundancy, fluid storage svstems, generating sets, uninterruptible power svstems).

The following situations shall be taken into account, depending on the position of the point
of strike relative to the service considered:
- flashes to the supplied structure (S1);
- [Mashes to the service connecied to the structure (S3);
- MMashes near the service connected 1o the structure (S4).

In Tab. 3.2. effects of lightning flashes on typical services are reported.

Table 3.2. Effects of lightning on typical services [17].

Type of service Effects of lightning

Mechanical damage to line, melting of screens and conductors, breakdown of
insulation of cable and equipment leading to a primary failure with immediate loss of
service

Secondary failures on the optical fibre cables with damage of the cable but without
loss of service

Telecommumcation
line

Damages to insulators of low voliage overhead line, puncturing of insulation of cable
Power lines line, breakdown of msulation of hne equipment and of transformers, with
consequential loss ol service

Waler pipes Damages to electnical and electronic control equipment hikely to cause loss ol service
Gas pipes Puncturing of non-metallic flange gaskets likely to cause fire and/or explosion
Fuel pipes Damage to electrical and electronic control equipment likely to cause loss of service
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Flashes to the supplied structure can cause: melting of metallic wires and of cable screens
due to parts of the lightning current flowing into the services (resulting from resistive
heating); breakdown of insulation of lines and of the connected equipment (due to the
resistive coupling): puncturing of non-metallic gaskets in flanges of pipes. as well as gaskets
in insulating joints.

Flashes to a service connected to the structure can cause: immediate mechanical damage of
metallic wires or piping due to electrodvnamic stress or heating effects caused bv lightning
current (breaking and/or melting of metallic wires. screens or piping). and due to the heat of
the lightning plasma arc itsell (puncturing of plastic protective cover), immediate electnical
damage of lines (breakdown of insulation) and of connected equipment. puncturing of thin
overhead metallic pipes and of non-metallic gaskets in [langes. where consequences may
extend to fire and explosion depending on the nature of conveved fluids.

Flashes near a service connecled to the structure can cause: breakdown of insulation of
lines and of the connected equipment due to inductive coupling (induced overvoltages).

To add up. the lightning current appearance can results different dangerous effects. Their
character depends strictly on the strike position as well as on the structure features.

Thermal effects linked with lightning current are relevant to the resistive heating caused by
the circulation of an electric current flowing through the resistance of a conductor or into an
lightning protection system (LPS), Thermal effects are also relevant to the heat generated in
the root of the arcs at the attachment point and in all the 1solated parts of an LPS involved in
arc development (e.g. spark gaps). Resistive heating takes place in any component of an LPS
carrving a significant part of the lightning current. The instantaneous power dissipated as heat
in a conductor due to an electrical current is expressed as:

Plt)=i"-R (3.1)

The thermal energy generated by the complete lightning pulse is therefore the ohmic
resistance of the lighining path through the LPS component considered. multiplied by the
specific energy of the pulse. This thermal energy is expressed in units of Joules (J) or
Watt-seconds (W-s).

W=R-_{;‘=-dr (3.2)
In a lightning discharge, the high specific energy phases of the lightning flash are too short
in duration for anv heat generated in the structure to be dispersed significantly. The

phenomenon is therefore to be considered adiabatic. The temperature of the conductors of the
LPS can be evaluated as follows:

0-8,=—| exp B— |1 (3.3)
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where:

-8, - temperature nise of the conductors (K).

@ - temperature coefficient of the resistance (1/K);

W'R - specific energy of the current impulse (J/€2):

P - specific ohmic resistance of the conductor at ambient temperature (£2m);
¢ - cross-sectional area of the conductor (m’):

y- material density (kg/m’):;

yw - thermal capacity (J/kgK).

Mechanical effects caused by the lightning current depend on the amplitude and the
duration of the current as well as on the elastic characteristics of the affected mechanical
structure, Mechanical effects also depend on the [riction forces acting between parts of the
LPS in contact with one another, where relevant. Magnetic forces occur belween two current-
carrving conductors or, if only one current-carrving conductor exists, where it forms a comer
or a loop. When a current flows through a circuit. the amplitude of the electrodvnamic forces
developed at the various positions of the circuit depend on both the amplitude of the lightning
current and the geometrical configuration of the circuit. The mechanical effect of these forces,
however, depends not only on their amplitude but also on the general form of the current. its
duration, as well as on the geometnical configuration of the installation. Electrodynamic
forces developed by a current, ¢, flowing in a conductor having long parallel sections of length
[ and distance ¢ (long and small loop). as shown in Fig. 3.2, can be approximately calculated
using the following equation:

Y .nulr e 'Ii
)= A7\ 34

(1) o ( }E (3.4)
where;
F(r) - electrodynamic lorce (N),
i - current (A);
My - magnetic permeability of free space (vacuum) (47 x 107 H/m):
/ - length of conductors (m);
d - distance between the straight parallel sections of the conductor (m),

- J -
P —
d
{ o -

Figure 3.2, General arrangement of two conductors for the caleulation of electrodynamic force [17].
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In practice, both thermal and mechanical efTects occur simultaneously. If the heating of the
material of the components (rods, clamps. etc.) is sufficient to soften the materials. much
greater damage can occur than otherwise. In extreme cases. the conductor could explosively
fuse and cause considerable damage to the surrounding structure. If the cross-section of the
metal is sufficient to safelv handle the overall action. only mechanical integrity need be
checked.

Sparking is generallv important only in flammable environments or in the presence of
combustible materials. Two different tvpes of sparking can occur, i.e. thermal sparking and
voltage sparking. Thermal sparking occurs when a very high current is forced to cross a joint
between two conducting materials. Most thermal sparking occur near the edges inside a joint
il the interface pressure is too low; this is due primarily to high current density and inadequate
interface pressure. The intensity of the thermal sparking is linked to the specific energy and
therefore, the most critical phase of the lightning is the first return stroke. Voltage sparking
occurs where the current is forced to take convoluted paths, e.g. inside a joint, if the voltage
induced in such a loop exceeds the breakdown voltage between the metal parts. The induced
voltage is proportional to the self-inductance multiplied by the steepness of the lightning
current. The most critical lightning component for voltage sparking is therefore the
subsequent negative stroke.

Finally the lightning current causes of transient overvoltages. This value strictly determine
the apparatus operation safety which are connected to the endanger structure, Overvoltages
due to direct lightning strikes can take two forms. As the first, when lightning stnkes a
lightning conductor or the roof of a building which is earthed. the lightning current is
dissipated into the ground. The impedance of the ground and the current flowing through it
create large difference of potential what results overvollages. These overvollages then
propagate throughout the services in a structure e.g, supply lines, what can result apparatus
failures. As the second form when lightning strikes an overhead low voltage line, the latter
conducts high currents which penetrate into the structure creating large overvoltages. The
damage caused by this type of overvoltage is usually spectacular (e.g. fire in the electrical
switchboard causing the destruction of buildings and apparatus) and results even in
explosions. The overvoltages previously mentioned are also found when lightning strikes in
the near a structure, due to the increase in potential of the ground at the point of impact.
The electromagnetic fields created by the lightning current generate inductive and capacitive
coupling. leading to other overvollages. Within a radius up to several Kilometres. the
electromagnetic field caused by lightning in clouds can also create sudden increases in
voltage. Although less spectacular than in the previous case, irreparable damage is also caused
to so called sensitive equipment such as fax machines. computer power supplies and safety
and communication svsiems.

Overvoltages can be describe be means of wave threat. The strong relation between
electrical and electromagnetic filed exist. The electrical field change results in appearance of
electromagnetic field which results electrical field appearance. The energy exchanges belween
these two fields proceed with a high value of frequency, ofien this value 1s higher respect to
the nominal syvstem frequency.
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The basic relation of electromagnetic field. spot well strictly relation between electrical
and magnetic component in a macroscopic point of view can be represent by means of
following Maxwell equations:

rotH—y E+ sf—j—‘-—fﬁ-ﬂ (3.5)
ot i

where:
=3

H - vector of magnetic field intensity.
B= veclor of electrical field intensity;

D — vector of electrical induction;
J — vector of current density:

B — vector of magnetic induction:

&~ absolut value of electrical permeability;
1 - absolut value of magnetic permeability:
¥ — environment conductivity.

In Fig. 3.3. character of lightning overvoltages with respect (o the all types of possible
electrical disturbance is shown.

RRECTT LG TNING STRIES
INIRRECT LETHTNING STRIKES
OPERATING OVERPOLTARES |
| |
|
TTARNONICR ABCROD FREALS
— e AT ir | .
' g i A | A s
i e i ke # bl ', ¥ 1 Ny of y r. i | -
Tl e - L
TEAMPORARY FYTENCAENCY DURATHAN = J00wa TRANSTENT PHENCOMENGN DURATHAN < Dmi
— i -

!
Figure 3.3, Representation of the various disturbances on electrical networks.
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Overvollages may occur:
- between different phases or circuits, they are said to be differential mode:
- between live conductors and the frame or earth, they are said to be common mode.

Tab. 3.3, represents classification of lightning overvoltages according to the IEC 71

standard |65].
Table 3.3. Representative overvoellage shapes and tests considered by TEC 71.
Overvoltage Low frequency Transient
class Permanent Temporary Slow front Fast front Very fast front
Sha % %aﬂq’ ' ﬂ}—“ Q: n;m
e Tp— i gial " T Ty
100 > Fe= 3ns
Shape = 50 or 60 He 100 < 500 He 000 = T = 20 s 20=7,=0,1ps 0.3 < 1 < 104 WHz
range T, = 3,600 8 2600 =T, =003 Mms = Ty 300 s = T A0 < fp = 300 kHz
ImszT,
Standardised | {50 or o0 He 48 f= 62 Hz Tp= 250 s Ti=1,2ps *
shape 1% Ti= 6l s Te= 2,500 ps Te= 50 pus
Standardised
, Short dwration power Swilching mmpulse Lightning impulse
withstand * fresprency fest Lest Test ™
test
Note:

{*) ~ to be specilied by the relevant product commitice
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3.2. Flashes to the structure: source of damage 51

3.2.1. Prevailing parameters determination and calculation

The lightning current in case of a direct stroke (o a structure results overvoltages due to
resistive and inductive coupling [18. 66, 67]. These two types overvoltages can be danger for
electrical and electronic apparatus installed within the structure.

Fig. 3.4. represents a case, where the lighining strikes the external air termination system
consist of one mast. Moreover it 1s assumed, that the whole lightning current 15 flowing to the
earthing system, without any losses.

MAST

LA L S

Figure 3.4, Schematic representation of damage source 51,

In this basic example overvoltages due to resistive coupling can be calculated as follows:

U, =Z-1 (3.7)

where:
Z — conventional earthing impedance of the earth-termination system;
I - lightning current.

The maximal value of overvoltage depends on the peak value of lighining current as well as
on the impedance value.

In practice, the situations are much more complex due to develop a number ol air
termination system. external svstems. and so on. In these cases the current division threat
should be applied. An example of current distribution is shown in Fig. 3.5.
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51: Direct flash to structure

N

1100%

HvV Transformer LV-cable -

-— 50%

lsma

Earthing system of Eanhin? system
the transformer __| of the struck building

Figure 3.5. Basic example of balanced current distribution.

In present situation when impedance of earthing system of the transformer is equal of
impedance of earthing system of the struck building, the IEC standards [17. 18] suggest the
lightning current division consist of 50% and 50% when the LPS of structure is connected to
the earthing syvstem and external services.

The lightning current (/) flowing to the earthing svstem. in case ol different values of
impedance or different number of conductors can be calculated by means of following general
formula:

YonZ+Z, S5
Z.— conventional earthing impedance of the external parts or lines;
1 — number of services.

The lightning current (/,) flowing to the service, in case of different values of impedance or
different number of conductors can be calculated as follows:

z

=t «
SaZiz (3.9)

The IEC standards |17, 18] for simplification introduce the current sharing factor k. and
then equations (3.4) and (3.5) can be derive as follows:

I,=k.I (3.10)

L=k, I (3.11)
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The value of k. factor similarly takes into account:

—  the number of parallel paths:

— their conventional earthing impedance for underground parts, or their earth resistance,
where overhead parts connect to underground. for overhead parts;

—  the conventional earthing impedance of the earth-termination svstem.

The values of conventional earthing impedance of a buried conductor under impulse
condition 10/350 us are reported in Tab. 3.4.

Table 3.4. Conventional earthing impedance values Z and £, according to the resistivity of the sml [17].

- Conventional earthing impedance related to the type of LPS"
r 4 zZQ
Om Q
I 11 m-1v
<100 8 4 4 4
200 11 6 6 6
500 16 10 10 10
1 Q00 22 10 13 20
2000 I8 10 15 40
3000 i3 10 15 60

" Values referred to external parts length over 100 m. For length of external parts lower than 100 m in high
resistivity soll (= 300 Qm) values of Z; could be doubled,

" Earthing system complying with 5.4 of IEC 62303-3:2010,

In practice the amplitude and shape of lightning current flowing in power line (/,) depend
on:
- cable length, this effect can influence current sharing and shape charactenstics:
- different impedances ol neutral and phase conductors, this effect can influence current
sharing among line conductors;
- different transformer impedances, this effect can influence current sharing (negligible, if the
transformer is protected by SPDs bvpassing its impedance);
- the relation between the conventional earthing impedance of the transformer and the items
on the load side, this effect can influence current sharing (the lower the transformer
impedance. the higher is the surge current flowing into the low voltage system).
- parallel consumers cause a reduction of the effective impedance of the low voltage system
which may increase the partial lightning current flowing into this svstem.

In case of direct stroke to a structure of lightning current with a wave shape 10/350 ps with

telecommunication or signalling lines as first approximation, it can be assumed that one half
of the lighining current (/). flows in the earth termination system and the remaining 50 % of
the current is shared between the n services entering the structure |68].

The aspect of lightning current division and influence of system installation conditions for
difTerent stressing wave shapes, normalized by the standards. is examined in chapter 6.
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If the entering telecommunication or signalling line is unscreened or not routed in metal
conduit, each of the m conductors of the line carries an equal peak part, /i, of the lightning
current which may be evaluated as follows [68]:

i L (3.12)
-m
For shielded (or routed in metal conduit) entering lines bonded at the entrance of the
structure, the peak values /i, of current entering each of the m conductors, is given by:

05-1,-R

!r:—ﬂ'{m'ﬂﬂrﬂ.} (3.13)

where:
R, - ohmic resistance for unit length of the shield or the metal conduit:
R. - ohmic resistance for unit length of the conductor.

The lightning current injected into a structure aparl of overvoltages due to resistive
coupling. causes overvoltages due to inductive coupling. This special kind of interferences of
lightning current is also recognize as LEMP interferences [69-72]. The quantity of influences
primary depends on the lighting current steepness:

di

==L 3.14
o (3.14)

A simple example of possible loops formed into endangered structure is shown in Fig. 3.6.

STRUCTURE "
B _]' 3] ; DOWN CONDUCTOR
o
A L A AV 5 4 7
Figure 3.6, Schematic representation of loops formed into structure: 1 — natural loop with down conductor,

2 = loop formed by down conductor, 3 — installation loop.
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The loop principal features include, self-inductance 7, and mutual-inductance L. The L,
determine an essential parameter for the loop | and 2, The I, determine an essential
parameter for the loop 3, where the loop is disconnected from any part of LPS.

] —

S ..,

Figure 3.7. Examples of loop with L, prevailing parameter.

For the cases shown in Fig 3.7. following equations can be formulated:

0]
B=py o — (3.15)
d®=B.dS =B-a-dx (3.16)
_[#o-a pdv) di
U—[ = jx] # (.17)
-7 1
.l -a-j£=ﬂ,2-]n(£) (.18)
2r . X r

In Fig 3.8. influence of arrangement dimensions as well as influence of cross section of
conductor through lightning current passing, on self-inductance values is shown.

62



10
It _r
T T T = == EEL et
T 52
- 01
=
7
001 L’
0,001
0.0 01 1 10
a{m)

Figure 3.8, I, parameter as a function of dimension of loop formed by square arrangement for two cross seclion
of conductor, namely 16 mm” and 50 mm’.

Fig. 3.9. shows a case where a loop is disconnected from the path of lightning current.
In this case the L, is prevailing,

Figure 3.9. Example of loop with [, prevailing parameter.

Its value in simplification can be calculated as follows:

J+a] (3.19)

L =-‘.},2-a-]n(

Fig 3.10. shows influence of distance between formed loop and lightning current path as
well as influence of arrangement dimensions. on mutual-inductance values.
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a=001m —— a=003m a=01m —— a=03m
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Figure 3,10, Ly, parmmeter as a Lmetion of distance between formed loop and current path for different dimension
arrangements.

In general cases the value of sell-inductance and mutual-inductance can be calculated by
means of following formulas:

L =08 +w’ =08-(/+w)+04-!In(

"

5/ (3.20)
+0,4¢f - Ing =)
r-[l+ l+[-L] ]
W
L. =ﬂ_2-f-ln[%] (3.21)

where:

[ - loop length (m);

w - loop width (m):

o - distance between lightning current flowing in the electrical conductor and the induced
circuit loop (m):

r—wire radius (m).

Moreover in some cases, even L, is prevailing parameter, especially. circuits with
shielding elements or equipotential conductors, the calculation of induced current /; 1s needed.
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The current flowing in the short circuit loops, created during endangered occurrence can
destroved elements of circuit due to exceeding isolation level. In mentioned case, the induced
current in the loop /; can be calculated by means of following equation [73]:

L. 4, +RI =1 a (3.22)
di dt

where:
R, — ohmic resistance of conductors formed loop.

In simplification, where the resistance of loop can be neglected. its value can be
determinate as follows:

L
LRl (3.23)

In this case the induced current /; maintain the same shape of the inducing current /.

I the loop resistance is not negligible, the shape of induced current is shorter as shown in
Fig. 3.11.

104 10 0,140
16

TN
R

I (kA)
#“"J

N s
VX =
u-..J\,7 \ ———

I - T

Figure 3.11. Induced current in a loop of 50 m® area for different values of its resistance; inducing current of
u first stroke flowing in a vertical down conductor at 1 m distance from the loop.

In case where the lightning current is flowing directly through circuit elements. the
lightning current division threat should be applied. Moreover the energetic coordination is
needed if two phenomenon can occur.
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3.2.2. Dangerous events frequency
The dangerous events frequency in case of damage source S1 according to the [17, 18] can
be expressed by estimated annual number of dangerous events for the structure Np.

Np may be evaluated as the product;

NH=NE-A,~,-F|,-|{]“ (3.24)

where:

N, - lightning ground flash density (1/km’* = year):
Ap - collection area of the structure (m”)

(" = location factor of the structure.

The lightning ground flash density N, can be taken from isokeuranic maps or estimated
taking into account the number of thunder storm days (see chapter 2).

In simplification for isolated structures on flat ground, the collection area Ap is the area
defined by the intersection between the ground surface and a straight line with 1/3 slope
which passes from the upper parts of the structure (touching it there) and rotating around it

1 [

I Mtad

Figure 3.12. Example of collection area Ay of an isolated strueture [ 18],

For an isolated rectangular structure on flat ground as shown in Fig. 3.12. the collection
area can be calculated as follows:
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Ay =L-W+2-G3-H)-(L+W)+z-(3-H) (3.25)

where:

1. — length (m);
W = width (m);
H — height (m).

If the structure has a complex shape such as elevated roof protrusions (Fig. 3.13), a
graphical method should be used 1o evaluate A4,

IBE Jos

e

Figure 3.13. Example of collection area Ay of complex shaped structure | 18].

The relative location of the structure takes into account local elTects of localization. Tab
3.5 reports values of (' factor proposed by | 18]

Table 3.5, Structure location factor Cp[17].

Relative location Cy
Structure surrounded by hugher objects 0,25
Structure surrounded by objects of the same height or smaller 0.5

Isolated structure: no other objects in the vicinty 1

Isolated structure on a hilltop or a knoll 2
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3.3. Flashes near the structure: source of damage S2

3.3.1. Prevailing parameters determination and calculation
The source of damage S2 occur due to lighting flash near the structure. The distance should
be at least 3h as shown in Fig. 3.14 (other case 51 occurs) and not exceed 500m [17].

H

}/f/ PATT T ST LT TEET T T ETT L / TIZTZ 7772

Figure 3.14. Schematic representation of damage source 52,

In this case the source of damage is caused by LEMP. The overvoltages inside the structure
can be created in common mode as well as differential mode due to inductive coupling of
lightning current. This type of damage can be particular dangerous for low vollage apparatus
and controlling svstem due io possible overvoltages charactenzed by high peak value over of
the rated impulse withstand vollage (I/,,) of apparatus installed.

The value of magnetic field (H,) due to lightning stroke influences on a loop can be
calculated as follows:

H =—2= (3.26)

where:
1, — maximal peak value of lightning current:
o — distance between lighining stroke and loop.

The overvoltage value in this simple case can be calculated as follows:

do  uS dl uS i

f=—=

di 2@l dt 2al 1,

(3.27)

where:
—Z% — current steepness | — |.
| e

S — loop area (m”),

In real cases the situation is much more complex. An example of arrangement is shown in
Fig. 3.15.
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Figure 3.15. Schematic representation of damage source 52,

The peak value of open circuit voltage U/, induced i the loop inside the structure by a
lightning near the structure can be calculated as follows:

eli _ I,

U =L, So=). 2k :
o =g e (3.28)
where:
I, — peak value of lightning current:
T — front ime of the lightning current.
Approximated value of L, (uH) can be calculated as follows:
L. =02k - 1| LXE*¥ (3.29)
f+d

where:

I —loop length (m):

w —loop width (m);

/- distance [rom the lightning channel to the wall of the structure (m);

d — distance of the loop from the wall of the structure (m);

rn=10,12 - w — shielding factor of the structure shield (shield of LPZ 1), being w = 5 m the
mesh width of the grid-like spatial shield;

K, — shielding factor taking into account the shielding efTect of the cable shield.

The peak value of the short circuit current /.. if the ohmic resistance of the loop wires is
neglected can be calculated as follows:

-1 L
I ==k :;_m",r (3.30)
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According to [68] in this more extended case (as shown in Fig. 3.15) the self-inductance
(L) can be calculated as follows:

Lo=08:417 3’ =08 (1 +w)+04w-In( 24 )

. (3.31)
+0.4-7-1In( i )

3.3.2. Dangerous events frequency

According to |17] the dangerous events frequency is estimated by average annual number
of dangerous events N, An overview of analvsed situation is shown in Fig. 3.16. The lighting
occurrences belong to 82 tvpe of damage include surface determine by x - R.

R Loap

i

;.ﬁr\‘ STRIKE

Figure 3.16. Reference configuration for evaluation of the surge mduced into o loop by a hghtming near a
structure.

The total number of strikes NV, can be calculated as follows:

o Wit
N, =4-N, [ [[ pli)-di-cos6-dé-x-dx (3.32)
Ralrl
where:
R - minimum distance from the loop for which the lightning will not strike directly the
structure (R = 3H + L/2);
(i) - probability function of the strike current:
& - angle between the loop and a straight line linking the strike and the loop:
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x - distance between the strike and the centre of the loop:
I, - peak strike current that will induce the voltage {/ at the loop.

According to | 17] Ny may be evaluated as the product:
Ny =Ny 4,107 (3.33)

where:

Ay - collection area of flashes striking near the structure (m’).

Ay =2-500-(L+W)+ - 500° (3.34)
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3.4. Flashes to the services connected to the structure: source of damage 53

3.4.1. Prevailing parameters determination and calculation

Fig. 3.17 represents typical case where a lightning flash terminates on overhead lines. This
occurrence according to [17] consist of source of damage 53. In this event overvoltages have
a conventional wave shape 1,2/50 ps [18]. Its value can be calculated as follows:

in common mode:

Us = % Z,-ilt) (3.35)
in differential mode:
I Z. ;
U, :E.zc.[p 7 J-;{:} (3.36)

where:

Z. — self-impedance of conductor:;

£2. — mutual-impedance of two conductors;
i(r) = lightning current.

P Z LT ILT I I TTITTTIELTTITTITELLTIT T LTFTTIA
Figure 3.17. Schematic representation of damage source 53,

In case of lightning flash to the line pole. the overvoltages in simplification can be
calculated as follows:
dilr)

Ugsp = Zi(t)+ L= (3.37)

where:
Z — conventional earthing impedance:
1. — pole equivalent inductance.

In the case of direct lightning flashes to connected lines to a structure, partitioning of the
lightning current in both directions of the line and the breakdown of insulation should be
taken into account.
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Fig. 3.18. represents a situation where due to lightning stroke, overvoltage U/} occurs.
In this simple example the whole lightning current form overvoltage directed to an apparatus
{/y through the line distance d.

STRUCTURE il

i i

Us| |

T TS TIOL V- OPITIT TS T EITTIOTY VP PT OIS,

Figure 3.18. Schematic representation of propagation of overvoltages toward apparatus,

In this case the value of overvoltages can be calculated as follows:

U, =e 9, (3.38)
<Y [T

d=—1In| —= 3.39
oy [Ul.] ¢ )

where:

U/, — withstand voltage of apparatus 1o be protected:;
/1. — voltage value in point of stroke;

cq.— ling attenuation coefTicient:

d - line length.

T

I {kv)

1 \"h
1 2 3 4
o (km)
Figure 3.19. Expected voltage value (L) on apparatus terminals as a [uncton of lightning lermination
distance (),
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In case of low voltage svstems, where isolating level of overhead line is 15 KV,
an. = 0,7 /km [1, 17], results showing influence of distance d on the incoming overvoltage
value U/, are shown in Fig. 3.19.

In case eg. of medium vollage lineg the presence of transformer should be considered.
Schematic representation of simplified arrangement is shown in Fig. 3.20.

STRUCTURE 1
' | TRANSFORMER 77
[

0 |

Lw| I

FOTITIIITI IO TITITI IO TIFIIIITIEET

Figure 3.20, Schematic representation of propagation of overvoltages through line connected to transformer.

In this case overvoltages incoming to the apparatus can be calculated as follows:

U, =e™(a,-U) (3.40)
-1 U,

d =—In = :
HL [al nrl ] {34]}

where:
o~ transformer attenuation coelficient,

4
. \
= \\
2. 3
\\
) A

N

d (km)

Figure 3.21. Expected voltage value ({/,) on apparatus terminals as a function of lightning termination
distance (),
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In case of medium voltage systems, where isolating level of overhead line is 125 kV,
ap. = 0.7 km, and & = 0,2 |1, 17], results showing influence of distance  on the incoming
overvoltage value U/, are shown in Fig. 3.21.

According to |68] for telecommunication or signaling line are two possible situations
classified as 53 damage source. namelv the striking point is far away from the structure. the
striking point is close to the structure. In both situation, the lightning current entering the
telecommunication or signalling line is described by 1(/350 ps waveshape and by the peak
value /;. Neglecting the propagation effects, the same 10/350 ps waveshape is assumed for the
current expected in different sites of the network (exchange or customer's building or remote
sites).

I the telecommunication or signalling line is unscreened or not routed in metal conduit,
each of the m conductors of the line carries an equal peak part, f. of the lightning current
which mav be evaluated for an shielded line by:

0.25-1,
I = -

(3.42)
n-m

with n = 1 or 2: the latier ease applies for example when telecommunication and power lines
arc close to each other, e.g. they share the same poles.

The value given by equation (3.39) shall be equal to or lower that the following value:
1,584 (3.43)

where:
A - cross sectional area of the telecommunication or signalling conductor (mm’),

For shielded (or routed in metal conduit) entering lines bonded at the entrance of the
structure, the peak values /i, of current entering each m conductors, is given by:
Fiis 0.25-1 R, s it
““n(m-R+R) (3.44)
where:
R. - ohmic resistance for unit length of the shield or the metal conduit:
R, - ohmic resistance for unit length of the conductor,

The open circuit voltage between conductor and shield is approximately proportional to the
product of the shield resistance and the portion of the lightning current that flows through the
shield. limited by the breakdown voltage of the core conductors to the shield. Where the
shield is periodically earthed, the shield current attenuates as it propagates away from the
strike point. Propagation of the surge along the cable leads to dispersion and increase of the
decay time.

3.4.2. Dangerous events frequency

Dangerous events frequency due to damage source 53 express average annual number of
dangerous events N;. due to flashes to a line, Moreover [17] estimated this value only with
overvoltages over 1kV and can be calculated by:
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N, =N, A4, C-Cy-Cp-10° (3.45)

where:

('} - installation factor of the line:
Cy - line type factor:

(¢ - environmental lactor,

Tab. 3.6., Tab. 3.7. and Tab. 3.8. reports values of factors (1. Cy and Cg respectively.

Table 3.6, Line installation factor ).

Routing [ &
Aeral I
Buried 0,35
Buried cables nnning entirely within a meshed canth 0
lermination
Table 3.7. Line type factor C.
Installation Cr
LV power, telecommunication or data line |
HY power (with HV/LY transformer) 0,2
Table 3.8, Line environmental factor (.
Environment Cy
Rural I
Suburban 0,3
Urban 0.1
Urban with tall buildings (higher than 20 m) 0,01

The collection area (in m’) for flashes to a line according to [ 17] can be calculated as
follows:
A =40-1, (3.46)
where:
Ly - length of the line section (m).
In case where the length of a line section 1s unknown, ;. = 1 000 m is to be assumed.

The collection area for flashes to a line can be also estimaled bv means of electro-
geometrical model proposed bv Eriksson [49]. The equivalent area of line section for direct
flashes shows Fig. 3.22.
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Figure 3.22. Equivalent area of line seetion for direet flashes.

Its value depends on the line length and pole high multiply by coefficient m related to the
peak value of lightning flash and can be calculated as follows:
A =2-m-H-1 (3.47)

where:
m — coefficient of Eriksson electro-geometrical model;
H — pole high (m),

The coefficient value can be estimated by means of following general equation
corresponding to direct stroke|49):

r=m-H (3.48)

where:
r — radius of direct stroke,

The radius of direct stroke is different for masts and lines. Its value can be calculated as
follows for masts:

r=084.-H".["" (3.49)

As follows for lines:

r=067-H".[*" (3.50)

Finally the value of coefTicient m for lines can be calculated as follows:

ey 074
e 0,67-H™" [ (.51)
H
e.g. for a lightning current / = 35 kKA:
m=14.-H " (3.52)

Fig. 3.23. shows the values of coefTicient m taking into account the influence of the pole
height,
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Figure 3.23. Value of coefficient nr as a function of pole height for a lightning stroke f= 35kA.

In case of low-voltage overhead line, with poles show in Fig. 3.24, the collection area for
lightning flashes with 35kA current peak value can be calculated as lollows:

A =28 H".I, (3.53)

Figure 3.24. Example of low-voltage pole.

Results for different pole height in comparison to | 17] are shown in Fig. 3.25.
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Figure 3.25. Value of equivalent collection area of flashes to a line as a function of pole height for | km line

section

In case of high-voltage overhead lines poles with two shielding wires at distance (@) the
collection area for lightning (lashes with 35kA current peak value can be calculated 1aking
into account pole span (a) as follows:

A, =(28-H +a) 1, (3.54)
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3.5. Flashes near the services connected to the structure: source of damage 54

3.5.1. Prevailing parameters determination and calculation

Lightning fashes that terminate on the earth or on any adjacent object, including clouds
itself, near the distribution or transmission line, consist of damage source S4. In this situation
lightning current induce voltages on the phase conductors, on the ground wires and across the
insulation. Schematic representation of S4 occurrence is shown in Fig, 3.26.

LOxap

£ L

—

BT T EBT TS ETI T TG T TS Z TS GES // 7772

Figure 3.26, Schematic representation of damage source 54,

This type of damage is particular danger due to elevate number of occurrences and high
peak value ol overvollages appearance. even in case where the lightning flash terminate far
from considerate line [1, 74, 75]. Until about 1930 this source of damage was only
considerate as damage source for overhead lines [76]. The accurate calculation of lightning-
induced overvoltages on distribution networks is essential for the optimal choice of the
characteristics, number and installation location of protective/mitigation devices (surge
arresters. shielding wire and relevant groundings). Additionally. it is only by means of
accurate calculations that it becomes possible to correlate nearby lightning events—detected
by lightning location svstems—with voltage dips and/or interruptions, an issue that is
receiving growing attention due to the economic impact of power quality problems,

Several theories have been developed to calculate lightning induced voltages on lines and
equipment |77, 78]. One of those that has survived all kinds of tests is the one proposed in
1957 by S. Rusck [79]. In his thesis. Rusck developed. from Maxwell’s equations, an
analytical expression for the lightning induced voltage on ideal infinite lines. Rusck's theory
calculates the voltages, along the line, induced by a lightning discharge, at any time. This can
be viewed as generalized volltage/current sources distributed on the line. At each of these
sources, traveling waves are generated. The propagation of the waves must be calculated to
properly simulate the whole interaction between the lightning discharge and the line.

The electric field created by the lightning discharge is calculated by Rusck using the
following classical expression:
e L (3.55)
o
where:
Vi~ scalar potential:
Aj- Vector magnetic polential,

80



In his theorv, Rusck proposed that the induced voltage in a homogeneous infinite
transmission line is calculated by:

Vi) =Ulx,1)+ h%ﬁc"} (3.56)
2

- | —
LV Mt —— 3.57)
U(x,r}{l)-j o st B

2w, o
where:
x — point in the line;
{ — time;

v, — velocitv of the return stroke;
1 — integrational variable,
i — height of the line.

Rusck showed in his thesis that (3.55) can be solved by the application of current sources
along the transmission line. Rusck's theory readilv vields the injected current sources from the
scalar potential F; .

The current source to be injected in the line to represent the scalar potential can be
calculated as follows:
avx,r)

!
Il 1) = ——- === Ax (3.58)

where:
Z — surge impedance of the line.

Current source from the vector magnetic potential can be calculated as follows:

f“[x,r]:—hm (3.59)
of
According to [68] calculations of surge induced bv a lighting near the line can be
calculated also in simplification. Fig. 3.27. shows a line section L, and lightning termination
in the middle point of the line. In a central point between /y and [/, in a distance above d
(direct flash to a line) the lightning current forms overvoltage {/,. It is the worst case where
the whole electromagnetic field consist of overvollages creation.

Ue Ui Lr U
I o
| &
wed !
LSS - FLASH LOCATION

Figure 3.27. Schematic representation of arrangement configuration for surge evaluation induced by a lighining
near the line
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In case of perfectly conducting soil, the peak value of the voltage U/; can be calculated as
follows:

3':' f -h v
N - 1+
| 5 [ = ‘_:J (3.60)

The peak value of the voltages Uy and {/; at the line terminations can be estimated by the
following equation:

30-1,-h
U,=U, =—F—

0=l d (3.61)

where:

{, — peak value of lightning current;

v — ratio between the retum-stroke velocity (v = 1.3- 10% m/s is assumed) and the velocity of
the light (¢ = 3-10% my/s).

v=0,43 and [1+ " 1]:1,3.
2=y

The peak value of the short circuit current /.. can be estimated as follows:

I == (3.62)

where:
Z — characteristic line impedance. an overhead transmission line 400 €2,

Nowadays calculations of induced overvoltages can be performed by means well
developed software. The evaluation and the analysis of the lightning electromagnetic pulse
response of distribution networks require the availability of accurate models of LEMP-
illuminated lines and their implementation into software tools able to calculate lightning-
induced electromagnetic transients in distribution svstems. The complexity of these models
calls for an implementation into computer codes since, in general, they require a numerical
integration of the relevant equations. Accurate evaluation of lightning-induced overvoltages
on a multiconductor line above a lossy ground can be obtained bv using the LIOV computer
code |80-83|, developed in the framework of an international collaboration involving the
University of Bologna (Department of Electrical Engineering), the Swiss Federal Institute of
Technology (Power Svsiems Laboratorv). and the University of Rome °La Sapienza’
{Department of Electrical Engineering).

The LIOV code allows for the calculation of lightning-induced voltages along a
multiconductor overhead line as a function of lightning current waveshape (amplitude, front
steepness, and duration), retum-stroke velocity. line geometry (height. length, number and
position of conductors), values of resistive terminations, ground resistivity and relative
permittivity. It allows also taking into account induction phenomena due to the leader field
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[84]. nonlinear phenomena such as corona [85] and the presence of surge arresters [83].
Schematic representation of geometry calculation is shown in Fig. 3.28,

F4

[

D- Dy

Figure 3,28, Schematic representation of eases can be caleulated by LIOV eode [80].

The lightning current is defined as sum of three lightning current function:

1(0.0) = iy, (0.0)+ 4, (0.0) + 1, (0.1) (3.63)

where the individual component of lightning current are defined as follows:

(0.1)= :’_'I_l_._L;J_T_ :

Iy e ! (3.64)
iy [ ! ]
1+
f'li
o7
) T A% =
"n:{u‘r): i et Sl (3.65)
. { k
l4+] —
[rn ]
ri)l:'l:ﬂ”'}:fh((] =€ w)_{]_e-ﬂ:)) (3.66)
AR (.67)
I =e
(] mn)? (3.68)
r?: =e W me -

where:
o — [ront (ime coelTicient;
P - tail ime coefTicient.
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An example of results obtained by means of LIOV code for an overhead line section 100m
consisting a part of infinity svstem and the pole high 6 meters, with assumption that lightning
strokes terminated svmmetrically over 26,4 m from the line results only source of damage S4.
are shown in Fig. 3.29 and Fig. 3.30 for the © and /. observation point.

—d=264dm ——d=50m ——d=T70m d=100m
—_—d=200m =——d=300m ——d=500m

\
. \
L1\
[N

}// e
n-é&#@h“*—— -
1 - 2 3

Figure 3.29. Simulated values of overvoltages observed in the € and £ points, as a function of time for different
distance to the line of lightning siriking point.

U (kV)
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i/ (kW)

F

10

d (m)

Figure 3.30. Peak value of overvoltages in the & and L points as a function of distance to the line of lightning
striking point.
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On the base of performed simulation is demonstrated that the induced overvoltages consist
of damage source. Probability of damage due to S4 depends on the point of lightning current
termination. Maximal overvoltage values are obtlained for cases where the lightning stroke
terminated in a limit of direct stroke termination into overhead lines. Overvoltages values
decrease with point of termination, and change theirs wave shape |86. 87] The peak value of
overvoltage appearances strongly depends on the peak value of lightning current and on its
wave shape, namely front steepness. The svmmetrical analyses of lightning termination
shown that the value of overvoltages obtained at extreme points are each other equal.

3.5.2. Dangerous events frequency

The dangerous events frequency of flashes near a line is defined in [17] as the average
annual number N of overvoltages over 1KV, A transmission line mav consist of several
sections. For each section of line, the value of dangerous events frequency may be calculated
as follows:

Ni=N,4:C-Cyp:Cr 10" (3.69)

where:

(' — installation factor;

(1 - line type factor.

'k — environmenial factor.

The collection area for flashes near a line according to [17] can be calculated as follows:
A, =4000-1, (3.70)

where the length of a line section is unknown, L; =1 000 m is 1o be assumed.

The dangerous events frequency can calculates also bv means of different models. In case
of overhead lines the theoretical model of Rusck. improved by Borghetti et all. [74. 75],
experimental data collected by Popolansky |88] or CIGRE recommendation [89] can be
applied.

The theoretical model of Rusck is based on the theoretical aspects of electromagnetic field
and can be applied for calculation of total number of overvoltages appearances on the
overhead line. In this investigation all significant factors are taken into account. An example
of parameters which have to be defined are given below:

Definition of lightning current includes:

— medium value of lightning current;

— minimum value of lightning current;

— maximal value of lightning current;

- range of overvoltages induced;

— dispersion of the lightning current distribution.

Definition of area includes:
— lightning flash activity.

Definition of line includes:
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— pole high;
—section length.

Originally the theoretical approach proposed by Rusck |79]. is dedicate for 100km of line
section and the number of induced occurrence could be calculated as follows:

200N | - 1.08l,)
N, =200 NF:[[;“{HJ", —_;m,n]-wcﬂm (3.71)
where;
celd
d, =*"—*"11[ "*}ﬂ’fm (3.72)
af
L
I | In '™
d, = ——— 88 ——=—5 L, 3.73
® w16 2 & @73
Finallv equation (3.70) for 1 km of line section obtains fallowing form:
I
T2, -1-h
N, =2000-N_-107 - -y |
] B |I-_I- |:[ LI.- J }mm}
£ (3.74)

N SR I "
N2m 18, 2 6 | "

The minimal distance (Vi) below which the lighting strike directly to the line can be
calculated in two modes, approximately and precisely. In simplification its value can be
calculated as follows:

Vi =15 (3.75)
r.=0,67-h"%. " (3.76)
Vo =0,67-h" I (3.77)
In complex form, as follows:
Yonin =6, (3.78)
dy= 1> =\r, - hf (3.79)
r,=09-n (3.80)
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d, =+0,67-h* -1 ~(09-(0,67-h°¢ - 1"™)- i) (3.81)

Yo =067 1 - 1% _(09-(0,67- 8¢ - 1°™)— k) (3.82)

Example of calculations is performed for a case where:
— medium value of lightning current: 33,5(kA).

— minimum value of lightning current: 2 (kA).

— maximal value of lightning current: 200 (kA):

— range of induced overvoltages: 1-30 (kV)

— dispersion of the lightning current disiribution: [17]:
— lightning current activity: 1 (llash/km*/anno):

~ pole high: 6 (m):

— section length: 1000 (m).

The annual number of overvoltages calculated according to theoretical approach proposed
by Rusck 1s shown in Fig. 3.31.
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s ™
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\"'h.._‘
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0.1 ; 1\ n
1 10 100

17 (KV)
Figure 3.31. Annual number of overvolategs due o lighining stroke termination near the line as a function of
ndueed peak value for Rusck model.

It should be stressed that the obtained results are simular for both wavs of V. parameter
determination, expressed by equations (3.77) and (3.82). Moreover, it is to note that the
results obtained by (3.74) are identical if only the medium value of lightning current [, is
considered, so that the following simplified equation (3.83) may be derived:
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N, =2000- N, - m*‘[[%] ~(0,67-h" -Im”‘”} (3.83)

According to empirical formula proposed by Popolansky [88], the annual number of
overvolateges can be estimated as follows:

N =N,aU" (3.84)

where:
a— empirical constant (a = 18);
h — empirical constant (b= 1.3).

The calculations are performed similar to the previous case. The annual number of
overvoltages is shown in Fig. 3.32.
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Figure 3.32. Annual number of overvoltages due to lighining stroke termination near the line as a function of
induced peak value from Popolansky formula (3.84).

In technical report |89] the estimation of annual number of overvoltages due to lightning
near the line is defined as follows:

30-(1-¢) "
—— (3.85)

N, =19:10" N vH-L-[3,5+2,5-]0g

where:
¢ — conductor coefficient (¢ = 0 for absence of grounded neutral or grounded earth conductor:

¢ =0,7=0,9 for multiple-grounded neutral conductor in a preassembled bundle).
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The calculations are performed similar to the previous case. Annual number of
overvoltages is shown in Fig. 3.33.
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Figure 3.33. Annual number of overvoliages due 1o lighining stroke temmination near the line as a function of
induced peak value for three values of coefficient ¢.

Results comparison of annual number of overvollages due to lighining near the line is
shown in Fig. 3.34.
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Figure 3.34. Comparison of annual number of overvoltages due to ighining stroke near the line as a function of
nduced peak value from CIGRE, Rusck and Popolansky.

89



3.6. Summary

In the present chapter the sources of damage due to lightning are analysed. The survey
started from general recognition of lightning occurrences and related results to the dangerous
events.

Possible dangerous occurrences due to lightning are analysed according to standard
recommendation taking into account the lightning point termination.

In terms of lightning protection, the following situations can be distinguished:
- {lashes to the structure (S1):
- fashes near the structure (52);
- Mashes to the services connected to the structure (83);
- Mashes near the services connected to the structure (54).

In case of direct flashes to a structure (S1), the failure of electrical and electronic svstems
can be due to resistive and inductive coupling of lighining current.

In case of lashes near the structure (52) the source of damage is caused bv LEMP, The
overvoltages inside the structure can be created in common mode as well as differential mode
due to inductive coupling of lightning current. This type of damage can be particular
dangerous for low voltage apparatus and controlling system.

In case of flashes to a line ($3) the source of damage is intended as an overvoltage with a
conventional wave shape 1,2/50 ps | 18] which can damage apparatus connected.

In case ol Mashes near the services connected to the structure (S4) lightming current induces
voltages on the phase conductors and on the ground wires (if installed). which result in severe
stress on the line insulation and apparatus connected.

In paragraphs of this chapter the evidenced sources of damage are described.
The prevailing parameters determination and calculation for each type of source 1s shown and
discussed. Moreover special focus is dedicated to the calculation of dangerous event
frequency.

On the base of performed analyses. it can be concluded that even if the source of damage
S1 is not so frequently as the indirect occurrences, such source is by all means more critical
respect to the other damage sources taking into account lightning current values and effects.

The formula suggested by the IEC standards for the estimation of frequency of dangerous
evenis for direct and indirect Mlashes to a structure seems to give results not on the safety side.
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Chapter 4



4. Characteristic and technology of selected protection measures:
numerical representation for computer simulations

4.1.  Surge protective devices

4.1.1. Introduction
This paragraph provides information on the charactenistic and technology of surge
protective devices (SPD) usually mstalled for the protection of low voltage systems.

SPD belong to group of measures intended to limit transient overvoltages and divert surge
currents by means at least one non-linear component.

Lightning surges frequently cause failure of electrical and electronic systems within a
structure due to insulation breakdown or when overvoltages exceed the equipment’s common
mode insulation level. As discussed in the previous chapter. the dangerous occurrence for
instance can be result by lightning flashes to a structure (source of damage 51), near the
structure (S2), to a service connecled to the structure (S3) and near a service connected 1o the
structure (S4).

Example of switch board failure due to mentioned events is presented in Fig. 4.1.. of
course magnitude of possible failures depends on lightning current value and are not limited
only to the switch board but can also include failures of apparatuses installed in circuits
internal to the structure.

Figure 4.1. Low-voltage switch board without SPDD singed due to lightning overvoltage |90],

To reduce the risk of these events and assure apparatus operation. SPD can be applied as a
protection measure. This protection measure can be located between the phase to be protected
and ground (commune mode of installation) in order to discharge to ground incoming surges,
in other words the dangerous overvoltages are reduced to the protection level of SPD.
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The basic criterion for SPD protection level selection is represented by the following
general formula:

oSt (4.1)

where:
L}, — SPD protection level:
U/, - rated impulse withstand voltage of apparatus to be protected.

In other case if Uy has a lower value than {/,, namely the incoming overvoltage exceeds
the withstand capability of the electrical apparatus, the insulation of the equipment is
destroved and whole surge current flows through the apparatus to be protected.

The equation (4.1) only introduces to the SPD selection, because the real criteria are much
more complex. The detailed aspect of selection and proper installation of SPDs is described in
next chapter 6. Fig. 4.2, shows an example of SPD installed in low-voltage switch board.

e"e 0"9"' e o

[ | e

Figure 4.2. SPD installed in low-voltage switch board |90].

The tvpes and models of SPD can be diversified. however it is possible to distinguish three
operation regions for each of theirs:

- [irst operation region — before overvoltage: SPD has an high value of impedance so the
regular function of apparatus installed in the circuit with SPD is assured:

- second operation region — during overvoltages: appearing overvoltage is reducing the
impedance of SPD what is a reason of [flowing current through SPD and reduce the
overvoltage to the protection level of SPD;

- third operation region — after overvoltage: impedance of SPD is increasing, so the
conditions to the regular function of apparatus protected by means of SPD are provided.

Principal electrical characteristics of SPD include following parameters:
/. = maximum continuous operating a.c. or d.c. voltage:

Uy — voltage protection level:

/s — residual voltage;
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I— leakage current;

In —nominal current of wave shape 8/20us:;

Iwax — maximal current.

Limp — maximal current of wave shape 10/350us;

I, —current flowing through SPD after overvoltage.

It should be stressed. that from the standard point of view the SPD issues partial or entirely
are under consideration of IEC technical committees TC37, TC37A, TC64 and TC81. The
committees TC37 and TC37A mostly take a stand on construction features of SPD’s. The
SPD selection and installation purposes are problem considered bv TC64 and TCHI
commitiee.

In accordance with the standard IEC 61643-1 Second Edition 2005-03 the manufacture
shall classify the SPDs taking into account specific construction parameters, some ol them are
described in this section.

Taking into account the internal leatures of SPD and material used for the construction, it
is possible to distinguish three groups of these devices.

One group represents SPD called voltage switching type. where the reduction of incoming
overvoltages 1s assured by means of spark-gaps. gas tubes, thvristors (silicon-controlled
rectifiers) or triacs installed inside a box of SPD. This group of SPD is possible called also
“crowbar tyvpe”.

The next group can represents SPD called limiting type. where the reduction of incoming
overvoltages is assured by means of non-linear elements like varistor or suppressor diodes.
These SPDs are sometimes called "clamping tvpe".

The last group can be composed from SPD where both mentioned elements are applied in
the same box of SPD to reduce incoming overvoltages.
Fig. 4.3 represents graphical symbols of SPDs.

I A I

a) Spark Gap by Thyristor ¢) Diode d) Varistor e)Sprak gap 1) Thyristor
+ varistor + diode
Crowbar Type Clamping Type Combined type

Figure 4.3, 5PD symbols.

Another construction classification can be based on accessibility to live parts of SPD. This
criterion i1s composed of two tvpes of SPD with accessible and inaccessible live parts. To the
group accessible can belongs SPD which have a [ree access to live parts of device. To the
group inaccessible (out-of-reach) belongs SPD which have no access to live parts without the
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use of tools or other equipment. This classification is very useful from the laboratory test
point of view.

In accordance with introduced standard some parameters of prolective measures have
preferred values, for example:

- voltage protection level LJ,: 0,08; 0,09; 0.10; 0,12; 0,15: 0,22; 0,33; 0.4: 0.5; 0,6; 0,7 0,8;
0.9:1.0; 1.2: 1,5; 1.8; 2.0; 2.5; 3.0: 4,0: 5,0; 6,0; 8,0 and 10 KV

- r.m.s. or d.c. maximum continuous operating voltage U 52: 63: 75; 95; 110; 130; 150; 175;
220: 230; 240; 250; 260; 275; 280; 320: 420; 440: 460, 510; 530; 600; 630; 690, 800; 900,
1000 and 1500 V

Moreover the system type can has also an impact for the classification of SPDs. In
commune use are SPDs dedicated for the alternative current (a.c.) and direct current (d.c.).

The installation aspects of SPD can refers e.g. to the number of ports or location of these
measures. The SPD with one port is SPD connected in shunt with the circuit to be protected.
A one port device may have separate input and output terminals without a specific series
impedance between these terminals, However SPD with two ports is an SPD with two sets of
terminals, input and outpul. A specific series impedance is inserted between these terminals.

Installation location of protection measures can be based on the environment requires
causing two general groups like indoor and outdoor SPD. The indoor SPDs are adapted to
“friendlv” conditions [91]. However the outdoor SPDs shall be contained in a weather shield
of glass, glared ceramic or other acceptable material that is resistant to UV radiation,
corrosion, erosion, and tracking to assure correctly operation during weather difficulties. The
mounting method can also consist a classification of SPD.

Moreover the IEC standards [91] introduce SPD from durability point of view. For this
reason the IEC technical committees developed class tests. The conditions of tests are clearly
specified in topical standards. The tests are defined as follows:

— class 1 tests carried out with the nomunal discharge current waveshape of 8/20 us,
the 1,2/50 ps voltage impulse with a virtual front time of 1.2 us and a time to half-value of
50 ps, and the maximum impulse current fiy,, for class I test defined by three parameters, a
current peak value /[y a charge O and a specilic energy W/R. The parameter values are
suggested bv IEC 61643-1 standard. namelv: / peak 1.0; 2: 5; 10; and 20 kA and O charge
0.5: 1: 2,5: 5. and 10 As:

— class II tests carried out with the nominal discharge current, crest value of the current
through the SPD having a current waveshape of 8/20 us. the 1.2/50 ps voltage impulse with a
virtual front time of 1,2 ps and a tme to half-value of 50 ps, and the maximum discharge
current /s has 8/20ps waveshape and magnitude according to the test sequence of the class
Il operating duty test. /max is greater than /,. The parameter values are suggested by IEC
61643-1 standard and nominal discharge current for class 11 tests should has the following
peak value: 0,05; 0.1; 0.25; 0,5; 1,0; 1,5: 2,0: 2,5: 3,0: 5,0; 10; 15 and 20 kA;

— class 111 tests carried out with the combination wave (1.2/50 ps. 8/20 ps). the combination
wave is delivered by a generator that applies a 1.2/50 ps voltage impulse across an open
circuit and an 8/20 us current impulse into a short circuit. The voltage, current amplitude and
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waveforms that are delivered to the SPD are determined by the generator and the impedance
of the SPD to which the surge is applied. The ratio of peak open-circuit voltage to peak short-
circuit current is 2; this is defined as the fictive impedance Z;. The parameter value of open-
circuit voltage for class III tests is suggested by TEC 61643-1 standard and consist the
following row: 0.1; 0.2: 0,5; 1: 2: 3: 4: 5: 6: 10 and 20 kV.

The class tests classification is very useful for the selection appropriate tvpe of SPD
according to the lightning protection zones defined in topical standards on lightning
protection [11].

4.1.2. SPD switching type

The SPD switching type 1s used to prevent high current surges. A spark gap has two
electrodes separated bv an insulation, e.g air or gas. One of the electrodes is electrically
connected to the protected conductor, and the other pin is connected to the earthing system.
In case of lightning surge higher than [/, of SPD considered an electric arc is formed between
the electrodes. The area when an electrical arc is formed during ignition of SPD is called
striking area. This occurrence provide the lightning current to ground and finallv apparatus is
exposed to reduced overvoltages. The residual voltage of SPD (l/.) depends on the
construction features like spark gap configuration. namely distance between electrodes. shape
of electrodes and so on as well as on the ambience conditions like pressure, humidity or
contamination of air or gas,

The Fig. 4.4 shown the operation regions in time of typical SPD switching type.
The characteristic parameters [/, U/, and the adequate operation regions are specified.

vy

phase 1 phase 2 phase 3

r{ps)
Figure 4.4. Function characteristic of SPD switching type

The first part of characteristic called phase 1, belong to the ignition of SPD. The wave
shape is equal to the stressing overvoltages, The possible delay between these two shape is
50 = 100ns. The maximal voltage value ({/,) is determinate by the spark gap condition: its
value is assumed to be protection level of SPD (1),). The second phase of characteristic
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represents the reduced overvoltage due to electrical arc between electrodes of SPD. The
voltage value (U/..) as well as the ime of duration occurrence depends on the overvoltage
feature. The [/, is caused due to arc resistance created during ignition of SPD. Generally the
maximal value of this voltage is much more lower than operation voltage of circuil to assure
apparatus protection. The period of second phase depends only on the overvoltage duration.
The interruption of occurrence represents the third phase of characteristic. At the beginning is
usuallv notated a small overshoot of voltage due to the arec magnetic and thermic influences.

Fig. 4.5. represents the trigger voltage of SPD switching tvpe. The characteristic shows
that the trigger voltage depends on the overvoltage shape. The higher values of steepness
(curve 1) create a situation when the U;, can achieve an higher value and ignition dispersion
has a lower value. The long shape of overvoltages (curve 2) cause a situation when the [/, can
achieve a lower value and ignition dispersion has a high value.

. (kV)

U

— gy T
ot &t

t{ps)

Figure 4.5, The trigger voltage of SPD switching tvpe: dn - trigger voliage dispersion; &7 - trigger time
dispersion; 1 — overvoltage with a front steepness 10 kV/us; 2 — overvoltage with a front steepness | kKV/ps.

An example of SPD vertical section switching tvpe is shown in Fig. 4.6.
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Figure 4.6. Example of SPD switching type - spark gap technology [92],
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The technology used for the construction aim can be diversified. however the basic
element include always a spark gap with two electrodes.

In the example shown in Fig. 4.6 the triggering electronic will detect a surge arrives, and
amplily 1l. The potential between the triggering needle and the electrodes reaches the air
breakdown voltage after a few ps and a little spark is generated at the needle head. The little
spark commutes the air gap, thus creating a highly conductive connection between the two
electrodes through which the surge energy is driven to ground. The lightning current then
flows from the phase to ground and the electrical installation downstream of the SPD is
protected. The electric arc is not extinguished spontaneously after the surge pulse and a short-
circuil current called the “follow current” therefore continuous to Mow. To prevent the
installation from being powered down, this follow current should be interrupted without
causing the general interrupter devices of the installation, such as circuit-breakers, to open.
For this reason. the protection device includes an adapted current interrupter device able to
interrupt a high current. This interrupter device generally comprises an arcing chamber
(splitter device) taking the form of spaced parallel metal plates used to divide the electric arc
into a plurality of small individual arcs in order to build up a high voltage limiting and finally
interrupting the follow current. The V shaped electrodes are lixed and enlarge the length of
the arc and guide the arc towards the arcing chamber. Hol gas exits passing through the
exhaust channels where 1t 1s cooled 1o avold any fire nisk. In the end. this protective device
will release neither incandescent material nor buming gas into its immediate environment. It
mayv therelore be installed in the majonity ol applications [92],

The behaviour of the arc and its moves inside the SPD is shown in Fig. 4.7
The photographs were taken with a highspeed camera (framing rate 10000 frames/s) [92]. The
frames show the difTerent phases ol the arc from its birth between the needle and the electrode
until it extinguishes.

Frame | Frame 2
Frame 3 Frame 4
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Frame 5 Frame 6

Frame &

Frame 9 Frame 10

Frame 11 Frame 12

Figure 4.7. Arc iitiation, displacement and extinetion high speed movie For a 10/350 ps pulse with 10 KA peak
current. (Framing rate 10000rames/s) [92]

The SPD switching type is able to discharge very heavy lightning currents, of the order of
several tens of kilo Ampere. This consist a main leature of these prolection measures,
moreover o the group of benefits is possible to add also. simple construction. efficient life
duration, lossless current protection (leakage current doesn’t exist). However. this device has
also drawbacks. The first resides in the fact that the electrical arc causes significant release of
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hot gases. or even flames, which may damage the immediate environment of the device. The
protection based on the arc phenomena create also a difficulties in case of application for low
voltage systems. The fact that the electrical arc causes a short circuit between the phase and
ground, and it is not quenched spontaneously afler the lightning curreni has passed. The
follow current continues to flow to ground and mav cause the installation to become
inoperative. Moreover the ambient influence has also an impact for protection features,
mainly Tor {7,

4.1.3. SPD limiting type

The SPD limiting tvpe is based on non-linear elements like varistor or suppressor diodes.
Those non-nonlinear elements provide limit incoming overvoltage in range of time about few
nanosecond afier exceed protection level. In applications of lightning protection varistor SPDs
are widespread. Suppressor diodes are in common used in electronic applications. However
for both elements ¢/ / I curve consist essential feature. An example of {// 7 curve for metal
oxide varistor is presented in Fig. 4.8

200110 30 50kA 70

... - -600
Max. permissible
operating voltage
1000
1400

Figure 4.8, Typical U7/ I characteristic eurve of a metal oxide varistor on a lincar scale [93].

The shape of characteristic 1s obtained by means of the microstructure and conduction
mechanism of varistor. Fig. 4.9, in simplified form, presents conducting phenomena. The zinc
oxide grains themselves are highlyv conductive, while the intergranular boundary formed of
other oxides is highly resistive. The electrical behavior of the metal oxide vanstor. results
from the number of microvaristors connected in series or in parallel.

This implies that the electrical properties are controlled by the phvsical dimensions of the
varistor [93];

~ twice the ceramic thickness produces twice the protection level because then twice the
number of microvaristors are arranged in series;

— twice the area produces twice the current handling capability because then twice the number
of current paths are arranged in parallel.
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— twice the volume produces almost twice the energv absorption capability because then there
are twice as many absorbers in the form of zinc oxide grains.

3.5 V e

>

v 100 pA

_———— Microvaristor
__— Zinc oxide
X~ Intergranular boundary

11010 50 pm

Figure 4.9, Conduction mechanism in a varistor element [94],

The symmetrical non-linear shape is result of resistance decreases with increasing voltage.
The voltage dependence of varistor may be approximately characterized by the formula:

I=K-U" (4.2)

where:

{ - current flowing through varistor;

K - ceramic constant (depending on varistor type).

/- voltage across varistor,

& — nonlineanity exponent (measure of nonlinearity of curve), can be interpreted as a measure
of the “steepness™ of the {7/ I characteristic.

Another possible interpretation of the physical principle underlying the /7 characteristic
curve of a metal oxide varistor is that of a voltage dependent resistance value. and particularly
its rapid change at a predetermined voltage.

U u L. 5ia
T e R M~ Loy 1
. I KU K (43)

Equations (4.2) and (4.3) can be transformed to the following form:
log/ =logK +alogl/ (4.4)
and
logR = Ing%ﬂl—a}it}gﬂ (4.5)

Those equations cannot cover the downtumn and uptumn regions of charactenstics. However
simple form express clearly U/ / I characteristic issue.

The {J/ I characteristic can be also describe as follows:
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logl = bl +b2-log(l) +b3-¢ ™" +bg. ™" (4.6)

where:
b1-4 — individual parameters of SPD.

However reduced access to the appropriate 51-4 values create some difficulties for
practical application [95]. Going back to the principal equations (4.2-3). it is important (o
mention that a parameter (as shown in Fig. 4.10.) has different values. This parameter can be
calculated as follows:

_ logl, -log/,
= logl/, —logl, (4.7)
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Figure 4.10. I7 / [ charactenstic of a metal oxide vanstor with & parameters regions [94].
First part of characteristic covers leakage current region (< 10" A) where « = 1. In the
leakage current region the resistance of an ideal varistor goes towards =

Second part of characteristic covers normal operating region (10 to 10° A) where a > 30,
Generallv this part of characteristic has a more or less a straight line on a log-log scale.

Third part of characteristic covers high-current region (> 10° A) where « = 1. Here the
resistance of the ideal varistor approaches zero.

The tvpical R/U characteristic of a metal oxide varistor is shown in Fig. 4.11.
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R (g2)

U(v)
Figure 4.11, Typical B/ {7 charactenistic curve of a metal-oxide vanstor,
Fig. 4.12 represents in time domain the tvpical operation steps of SPD limiting tvpe. This

characteristic can be useful to determination energy absorption aspects. In case of SPD
limiting tvpe [/, value is assumed to be protection level (I/,).

EAT)]

Ures) - ooooc Vo

phase 1) phase 2 phase 3

t(us)
Figure 4.12. Function characteristic of SPD limiting type.

The energy absorption of a varistor is correlated with the surge current.

W= f w1t (4.8)

L

where:
u (1) - voltage drop across the varistor during current flow:
i {t) - current flow through the varistor,
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The varistor SPDs used for the aim of lightning protection have different benefits. Those
benefits are compose of verv low protection level, perfectly application for low-voltage
apparatus, possible high value of residual voltage, precision, short time of delay after exceed
protection level. However those elements have also disadvantageous features like reduction
possibility to absorb high value of currents, determinate lifetime, leakage current.

4.1.4. Computer implementation of surge protective devices

The proper representation of surge protective devices refers to the state of art of scientific
knowledge. For this aim many studies are provided [96-106). This problem is also considered
by members of topical IEEE working group [97].

The knowledge of phenomena occurrences during normal operations of protection
measures allows to implement a model of devices. Nowadavs is a lot of different
engineering’s software which permit to simulate electrical circuits. Taking into account the
transient character of dangerous events in common use are; Matlab, Orcad, ATP-EMTP and
EMTP-RV. These programs have specific own advantages as well disadvantages. This
paragraph intends to give an overview on surge protective device representation.

To determinate a characteristic of SPD switching type as well as of SPD limiting type 1s
possible to use different models [96-106]. The SPD representation can have an impact on
obtained results. even the same characteristic is implemented | 107-109].

In basic models for simulations SPD switching type an ideal switch can be used.
The protection level of SPD (I/,) can be estimated considering the stressing source
characteristic. For this aim the steepness of incoming source and the time duration of lat part
of characteristic before the impulsive part, if exist, is needed to determinate the intervention
time of switch [96, 98-102]. In more complex models the arc resistance is considered.

In the EMTP-RV program a model of SPD switching tvpe is possible to determinate by
means of different methods in order to obtain a desirable {/ r characteristic [110, 111]. In any
case some preliminary investigation with aim to determine model correctness is always
recommended.

Equivalent circuit of surge protective device limiting tvpe is shown in Fig. 4.13 [12].

Figure 4.13. Equivalent electrical eireuit of SPD limiting type.
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where:

I — inductance (= 1 nH/mm);

(' — capacitance;

R, - resistance of intergranular boundary (p= 10"+ 10" (Yem);
R.o — ideal varistor (0 + o0 Q);

Ry, — bulk resistance of ZnO (p= 1 + 10 Q/cm),

The simplified equivalent circuit (shown in Fig. 4.13) refer to a metal oxide varistor. From
this circuit the behavior of the varistor can be interpreted for difTerent current ranges, namely:
leakage current region, normal operating region and high current region.

The circuital representation of leakage current region (< 10 A) is shown in Fig, 4.14.
In this case the resistance of an ideal varistor goes towards . so it can be ignored as the
resistance of the intergranular boundary will predominate. Therefore R, << R;,.

Figure 4.14. Electrical cirewt of leakage current region of SPD limiting type,

The ohmic resistance R;, determines behavior at low currents, the {/ '/ curve goes from
exponential 1o linear (downturn region). R;; shows a distinct temperature dependence, so a
marked increase in leakage current must be expected as temperature increases.

The circuital representation of normal operating region (107 to 10° A) is shown in Fig,
4.15. With R, =< R;; and Ry, << R,, R, determines the electrical behavior. The U/ I curve (Fig.
4.10) mayv be correctly approximated with the simple mathematical description by an

exponential function with a > 30.

Figure 4.13. Electrical eircuit of operating region of SPD limiting type.
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The circuital representation of high-current region (> 10° A) is shown in Fig 4.16. Here the
resistance of the ideal vanstor approaches zero. This means that R, << R;, and R, < Ry. The
ohmic bulk resistance of ZnO causes the /[ curve to resume a linear characteristic (uptumn
region).

Figure 4.16. Electrical cirewt of high-curment region of SPD hmiting type.
In the EMTP-RV program, as for SPD switching tvpe. a model of SPD limiting tvpe is also
possible to be implemented by means of different methods in order to obtain a desirable {7/

characteristic |95, 112]. In any case some investigations to model verification are
recommended.
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4.2, Isolation transformer

4.2.1. Introduction

Usually electrical transformers are used to transform voltage from a higher level o a lower
voltage. These devices attenuate the passage of noise or transients from the primary to the
secondary. Transformers can also be used to change the impedance of the electrical circuit to
reduce the short-circuit current or to provide a galvanic isolation between two svstems.
The definition of isolation transformer applies to any transformer where there is no direct
connection between the primary and the secondary windings. because the windings are
connected only by the magnetic flux in the core | 113].

Separation transformers provide a basic separation between the primary and secondary
windings. This feature provides a degree of protection against electric shock that is equivalent
to a basic insulation. A separation transformer can limit the risks of danger in the event of
accidental simultaneous contact with the exposed conductive part and the live parts or metals
parts that can become live in the event of an insulation fault. The symbols representation of
separation transformer are shown in Fig. 4.17.

11 O %‘g

1500 ¥ f 1 min

Figure 4.17. Separation transformer svmbols representation [ 113].

Safety transformers provide a limitation of secondary voltage to [/, where 1. is the Saflety
Extra Low Voltage (SELV) Limit. The symbols representation of safety transformer are
shown in Fig. 4.18.

3750 V [ 1 min

Figure 4.18. Safety transformer symbaols representation [113].
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Isolation transformers provide insulation between the primary and the secondary windings.
An isolation transformer is a transformer used 1o transfer electrical power from a source ol
alternating current (AC) power to some apparatus while isolating the powered device [rom the
power source, usually for safetv (1:1 under load). lsolation transformers provide galvanic
isolation and are used to protect against electric shock, to suppress electrical noise in sensitive
apparatus, or to transfer power between two circuits which have to be separated for protection
reasons. Suitably designed isolation transformers block interference caused by ground loops.
Isolation transformers are commonly designed with careful attention to capacitive coupling
between the two windings [114-116]. The symbols representation of isolation transformer are
shown in Fig. 4.19.

TW]- 8 L3

ATH0 W 1 min

Figure 4.19. [solation transformer with shield between two windings symbols representation [ 113].

Standard 1EC [117] suggests construction specification of isolation transformer. The rated
output voltage shall exceed 50 V a.c. or 120 V ripple-free d.c. but not exceed:
=250V ac. for single-phase portable transformers:
- 400 V a.c. for polyphase portable transformers;
- 500 V ac. or 708 V ripple-free d.c. for other transformers. In this case. the rated output
voltage may be up to 1 000 V a.c. or | 415 V ripple-free d.c. to be in accordance with the
national wiring rules or for a special purpose. This output voltage limitation apply even when
output windings. not intended for interconnection. are connected in series.

Moreover the rated output shall not exceed:
- 25 kV A for single-phase transformers,;
- 40 kVA for poly phase transformers.

Isolation transformers can be used to protect people from electric shock and as a power
supply for sensitive apparatus (computers, medical equipment. laboratory equipment, etc.) or
isolate the apparatus from the rest of the electrical installation.

Tvpical fields of application an isolation transformers include:
- recording studios:
- commercial / residential movie theatres:
- SErver rooms:
- variable speed drives;
- inverters;
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- UPS;

- frequency converters;

- arc welders;

- induction heaters:

- printing presses:

- non-linear loads:

- hid lighting;

- fluorescent lighting;

- power supply of devices not at ground potential.

The isolation between svstems avoid loss of power in the case of a first insulation fault.
Since there 15 no return path to the source (the secondary winding of the transformer). in the
event of a fault. there will be no fault current flowing and no overcurrent protective device
will cut off the supply. Apart from being harmless to persons touching the conductive parts, a
first fault will not cause anv danger but will also not cul ofT the supply. Another application of
the isolation transformer is to create a star point in grids that do not have such a point. Quite a
few applications need the neutral point for controlling purposes, When installing such a
machine in a gnd without star point, the obvious remedy 15 to install an 1solating transformer.
The normal use for isolation transformers is to produce a zone of supply that has no reference
to earth [118]. The majority of electric shocks are those mvolving contact with a live
conductor while standing on, or touching an earthed surface. Electrical isolation is considered
to be particularly important on medical equipment, and special standards apply [119]. Often
the svstem must additionally be designed so that fault conditions do not interrupt power. but
generate a warning. For the safety of the patient in hospitals, all diagnostic or therapeutic
medical equipment (medical electrical devices and non-medical electrical devices in the
patient environments and/or areas for medical use) should be completely isolated from the
supply line (double and strengthened isolation). Complete patient/operator safety is assured
bv medical isolation transformers with very low leakage current. An example of medical
isolation transformer is shown in Fig. 4.20. and its electrical particular symbol in Fig. 4.21.

Figure 4.20. Example of medical isolation transformer | 120)].
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Figure 4.21, Electrical svmbol of medical isolation transformer | 120].

According to [ 119, 121] medical transformers are designed:
- 1o isolate the patient from an electric shock:
- to 1solate the operator from an electric shock:
- 1o protect the equipment from power surges or faully components.

The [121] suggests that medical transformers:
- should be cooling by air;
- short circuit voltage should fulfilled U, < 3% U, :
- leakage current of the enclosure to earth /, < 3% [, .

In medical field isolating transformers are used to provide a safer patient environment by
minimizing the potential hazards caused by touch voltages and by ensuring that under single
fault conditions there is still continuity of supply. The output of the isolating transformer is
not connected to earth and so provides better protection from potentially lethal shock hazards
bv removing the low impedance earth return path. It should be noted that isolating
transformers alone are not intended to protect against micro-shock and must be used in
conjunction with circuil integrityv monitoring devices and equipotential earth bonding.
Toroidal transformers are ideal for the use in a medical environment because they are
compact, can be completely encapsulated. have low stray-fields and are therefore less likelv to
cause radiated electromagnetic disturbances. Moreover in this particular field of application,
a monitoring device shall be provided to indicate the occurrence of a first fault from a live
part to exposed-conductive-parts or to earth. This device shall initiate an audible and/or visual
signal that shall continue as long as the fault persists. If there are both audible and visible
signals, it 15 permissible for the audible signal to be cancelled. Nevertheless, the visual alarm
shall continue as long as the fault persists. It is recommended that a first fault be eliminated
with the shortest practicable delay.

4.2.2. Isolation transformer construction features

Isolation transformers are generally composed of two separate windings with a magnelic
shield between these windings to offer noise control as shown in Fig 422, and Fig. 4.23. The
conducting plate is bonded to the core to form an electromagnetic barner at frequencies where
the skin depth 1s small relative to the plate thickness. tvpicallv above 10+20 kHz. To reduce
eddy current losses, it is necessary to place a small slit in the conducting plate. A double
Faraday cage topology. must be used to maintain a high degree of isolation with the slit
present [ 122].
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Figure 4.22. [solation Transformer concept [122].
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Figure 4.23. Details of conducting isolation plate [ 122].

The transformer carries the full load current, and thus must be suitably sized.
The attenuation of 1solation transformers 15 normally quoted in dB (decibels) for small signal
noise conditions (not large transient conditions to which the transformer may offer
considerably less attenuation). The main benefit offered by isolation transformers is the input-
to-output isolation, where the output circuit can be re-grounded and isolated from input or
other ground noise sources. This isolation can also useful where Ground Potential Rise
protection can not be afforded by normal bonding procedures.

Isolation transformer is one of the most effective devices available for rejecting common
mode noise. Isolation transformers have very little effect on attenuating differential mode
noise, particularly at lower frequencies as they are designed as a “pass™ device al power
frequencies. When coupled with a suitably grounded or shield. isolation transformers can
present an effective barrier to high frequency common mode noise and prevent propagation of
this noise to the down-stream equipment via the power supply or ground system as shown in
Fig. 4.24. A shielded isolation transformer provides a path for high frequency common mode
noise to flow via capacitive coupling to the grounded screen and thus back along the ground.
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For this screening to be effective, the screen, transformer core and grounded conductors
should be bonded together at a single point.
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. » PHASE
L] L]
LINE PRIMARY i:: ' ) SECONDARY  APPARATUS
- &b o -
NEUTRAL
PE  Geses PE
£8B
_ Z

Figure 4.24. Shielded isolation transformer with shield between two windings.

4.2.3. Computer implementation of isolation transformer

During lightning occurrences (high frequencies) the transformer behaves like a filter,
suppressing some frequencies and passing others. In this case the inductive elements can be
neglected which are important at low frequencies. bul capacitive ones are predominant
[123-125].

In the present paragraph two examples of transformer representation for lightning studies
according to [124. 125] are presented. Moreover. an isolation transformer model and
respectively parameters used for analvses in present work is reported in chapter 7.

First model example refers to the power transformer 5 KVA, 13,8/0.23 KV that takes into
account the flux leakage, the winding resistance, the non-linear inductance of the core, the
capacitance of the high- and low- voltage bushing as well as the capacitance between them is
shown in Fig. 4.25,
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Figure 4.25. Example of translormer model,

The parameters proposed by [125] are given in Tab. 4.1,
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Table 4.1, Transformer’s model data [ 125].

Rated power: 5 kVA

High Voltage | Low Voltage Cy
(kV) (kV) (pF)

13,8 0,23 ]

('.H {'.I Rﬁ

(pF) (pF) (€2)
67.97 3200 335.17

Ly K L
(mH) L) (mHj)
702,15 0,093 0,195

The second model reported as an example for computer representation of a transformer of
20 kVA rated power, 13.8/0.22 KV is the circuit model presented by Piantini et al [124].
For this case the transformer is represented bv a combination of RLC components, the
circuital scheme is shown in Fig 4.26,
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Figure 4.26. Example of transformer model: Pianting et al.

The possible values of the components for model presented in Fig. 4,26 are reported in
Tab. 4.2. [124].

Table 4.2, Transformer’s model data.

Rate Power: | High Voltage: | Low Voltage:
2KV A 138 kV 0,22 kY
Element -
Resistance Inductance Capacitance
(kL2) (mH) {pFy
| - - 4493
2 14 16 94,8
3 (0,8 1,84 21,51
4 & = A0
5 43 - -
O 1,1 - -
7 1,615 0,05 759.5
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43. Summary

In the present chapter characteristics and technology of selected protection measures,
namely. surge protective devices (SPD) as well as 1solation transformers are described.

In the first part of work. the basic criteria for SPD selection and fundamental parameters
are introduced. These protection measures are classified taking into account international
standards recommendations. The tvpical characteristics defined by these bodies are given.

Paragraph on SPD switching tvpe includes information aboul spark gaps. Construction
features of these devices are described. Tvpical operational characteristics are shown.

Paragraph on SPD limiting type includes information about varistors. The principal of
physics and typical response of this elements are presented. The operational regions are
described and some typical characteristics are given.

Models of both tvpes of SPD for computer simulations are presented and discussed in the
last section of the [irst part.

The second part of present chapter includes information about isolation transformers, This
protection measure is classified and typical application fields are presented. Special focus is
dedicated on computer models development for transient studies.

The summary of considered protection measures taking into account protection issues 1s
reported in Tab. 4.3. [117, 119, 126].

Table 4.3, Prolection measures comparison.

Solution
Problems
Isolation transformer SPD
Ground potential rise Best No protection
MNoise Better Giood
Common mode transient Better Hest
[nifferential mode transient Mo proteetion Best
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5. Criteria for protection measures selection according to the
international standards

5.1. Introduction

5.1.1. Standardisation bodies

In each technical field. and in particular in the electrical sector, a condition sulTicient (even
if not necessarv) for the realization of plants according to the “status of the art™ and a
requirement essential to properly meet the demands of customers and of the community, is the
respect of all the relevant laws and technical standards. Therefore, a precise knowledge of the
standards is the fundamental premise for a correct approach to the problems of the electrical
plants which shall be designed in order to guarantee that “acceptable safetv level”™ which is
never absolute [127].

Juridical Standards
These are all the standards from which derive rules of behaviour for the juridical persons
who are under the sovereignty of that State.

Technical Standards

These standards are the whole of the prescriptions on the basis of which machines,
apparatus, materials and the installations should be designed, manufactured and tested so that
efficiency and function safety are ensured. The technical standards, published by national and
international bodies, are circumstantially drawn up and can have legal force when this is
attributed by a legislative measure [127].

MECHANICS, ERGONOMICS
AND SAFETY

ELECTROTECHNICS AND
ELECTRONICS

& < @
ﬁﬁﬁ

N ——
_——

Figure 5.1. Overview of normalization bodies according Lo application fields.

TELECOMMUNICATIONS

As shown in Fig. 5.1. it is possible to distinguish three standardization bodies for
electrotechnics and electronics fields. namelv International Electrotechnical Commission
(IEC), European Committee for Electrotechnical Standardization (CENELEC) and national
bodies, in ltaly CEL
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The International Electrotechnical Commission (IEC) was officially founded in 1906, with
the aim of securing the international co-operation as regards standardization and certification
in electrical and electronic technologies. This association is formed by the Intemational
Committees of over 40 countries all over the world. The IEC publishes international
standards. technical guides and reports which are the bases or, in any case. a reference of
utmost importance for any national and European standardization activity. IEC Standards are
generally issued in two languages: English and French. In 1991 the IEC has ratified co-
operation agreements with CENELEC (European standardization body). for a common
planning of new standardization activities and for parallel voting on standard drafis [127].

The European Committee for Electrotechnical Standardization (CENELEC) was set up in
1973, Presently it comprises 31 countries (Austria, Belgium, Bulgana, Cvprus. Croatia, Czech
Republic, Denmark. Estonia. Finland, France, Germany. Greece, Hungarv, Iceland. Ireland,
ltaly, Latvia, Lithuania, Luxembourg. Malta, Netherlands, Norway, Portugal, Poland,
Romania, Slovakia, Slovenia, Spain, Sweden. Switzerland, United Kingdom) and cooperates
with 12 affiliates (Albania. Belarus, Georgia, Bosnia and Herzegovina, Tunisia, Former
Yugoslav Republic of Macedonia, Serbia, Libia, Montenegro, Turkey, Ukraine and lsrael)
which have first maintained the national documents side by side with the CENELEC ones and
then replaced them with the Harmonized Documents (HD). There is a difference between EN
Standards and Harmonization Documents (HD): while the first ones have to be accepted at
any level and without additions or modifications in the different countries. the second ones
can be amended to meel particular national requirements. EN Standards are generally issued
in three languages: English. French and German. From 1991 CENELEC cooperates with the
IEC to accelerate the standards preparation process of International Standards. CENELEC
deals with specific subjects, for which standardization is urgently required. When the study of
a specific subject has alreadv been started by the IEC, the European standardization body
(CENELEC) can decide to accept or. whenever necessary, lo amend the works already
approved by the International standardization bodyv [127].

5.1.2. Lightning protection

The IEC 62305 series provide guides or, where possible. international standards. for
lightning protection |11. 17, 18, 128]. These documents takes into account issues of design,
installation, inspection, maintenance and testing of protection measures to reduce the risk due
to lightning for persons, structures and electrical and electronic svstem within structures.
However. for theirs proper application. knowledge of references is needed [91. 129-135].
Basically this standard provides guidelines for cooperation between the designer of the
electrical and electronic system. and the designer of the protection measures, in an attempt to
achieve optimum protection effectiveness. Practical application comments are given e.g in
[13. 61. 63. 66, 76, 127. 136, 137|. This standard does not deal with detailed design of the
electrical and electronic systems themselves. Schematic representation and connections
between various parts of IEC 62305 is shown in Fig. 5.2.
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IEC 62305-1

Lightning threat

Lightning risk

Lightning protection

Protection measures  |[IEC 62305-3 IEC 62305-4

Figure 5.2. Connection between the various parts of IEC 62305 [11].

The protection measures selection according to IEC 62305 recommendations depends on
the proper application field and type of damage. Protection measures to reduce injury of living
beings by electric shock include: adequate insulation of exposed conductive parts,
equipotentialization by means of a meshed earthing system. physical restrictions and waming
notices. lightning equipotential bonding (EB). Protection measures to reduce physical damage
is achieved by the lightning protection svstem (LPS) which includes the following features:
air-termination svstem. down-conductor syvstem. earth-termination svstem. EB. electrical
insulation (and hence separation distance) against the external LPS. Protection measures to
reduce failure of electrical and elecironic systems (SPM) include: earthing and bonding
measures, magnetic shielding, line routing, isolating interfaces. coordinated SPD svstem. In
all cases these measures may be used alone or in combination. Theirs combination form the
overall lightning protection. Selection of the most suitable protection measures shall be made
by the designer of the protection measures and the owner of the structure to be protected
according to the tvpe and the amount of each kind of damage, to the technical and economic
aspects of the different protection measures and to the results of risk assessment [17].
Protection measures are effective provided that they comply with the requirements of relevant
standards and are able to withstand the stress expected in the place of their installation.

An ideal protection for structures would be to enclose the structure to be protected within
an earthed and perfectly conducting continuous shield of adequate thickness. and to provide
adequate bonding, at the entrance point into the shield. of the lines connected to the structure.
This would prevent the penetration of lightning current and related electromagnetic field into
the structure to be protected and prevent dangerous thermal and electrodvnamic effects of
current, as well as dangerous sparkings and overvoltages for internal systems. In practice, it is
often neither possible nor cost effective to go to such measures to provide such full protection.
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5.2. Establishment of lightning protection zones

The basic criterion of lightning protection zones (LPZ) consist of lightning current
influence on apparatus to be protected. Selection and installation protection measures such as
LPS. shielding wires, magnetic shields and SPD is based on the LPZ concept. An example of
structure division according to this concept is shown in Fig. 5.3,
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Figure 5.3, Lightning protection zones concept, where: | - structure; 2 - air lermination system: 3 - down
conductor system;, 4 - earth lermination svstem; 5 - incoming lines; 81 - (lash o the structure; 52 - (lash near (o
the structure; 53 - flash to a service connected to the structure; 84 - flash near a service connected to the structure;
r - rolling sphere radius; 5 - separation distinee agaimst dangerous sparking; LPZ 0, - direet fash, full hghtning
current; LPZ Og - no direct flash, partial lightning or induced current; LI 1 - no direct flash, limited lightning or
induced current protected volume inside LPA 1[11].

With respect to the threat of lightning, the following LPZs are defined:
Outer zones:
- LPZ 04 zone where the threat is due to the direct lightning flash and the full lightning
electromagnetic field. The internal svstems may be subjected to full or partial lightning surge
current;
— LPZ 0Oy zone protected against direct lightning flashes but where the threat is the full
lightning electromagnetic field. The internal systems may be subjected to partial lightning
surge currents:
Inner zones:
— LPZ 1: zone where the surge current is limited by current sharing and by isolating interfaces
and/or SPDs at the boundary. Spatial shielding may attenuate the lightning electromagnetic
field:
—LPZ 2, ... n: zone where the surge current may be further limited by current sharing and bv
isolating interfaces and/or additional SPDs at the boundary. Additional spatial shielding may
be used to further attenuate the lightning electromagnetic field.

In general, the LPZ downstream of the protection measure are characterized by significant
reduction of LEMP than that upstream of the LPZ.
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5.3. Protection by surge protective devices

5.3.1. SPD inside LPZ

To limit conducted surges due 1o lightning on electrical lines, SPDs should be installed at
the entry to any inner LPZ. In buildings with uncoordinated SPDs, damage to the internal
svstem may result if a downstream SPD. or an SPD within the equipment. prevents the proper
operation of the SPD at the service entrance. In order to maintain the effectiveness of the
protection measures adopted, it 1s necessary to document the location of all installed SPDs.
An example of LPZ with SPD installed at the entrance any inner zone is shown in Fig. 5.4,
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Figure 5.4. LPZ with SPD, where: | - structure (shield of LPZ 1), 2 - air termination svstem; 3 - down conductor
svslem, 4 - earth lermination svstem: 5 - room (shield of LPZ 23 6 - serviees connected to the struclure;
51 - Mash 1o the structure; 82 - flash near to the structure, S3 - flash W a serviee connecled o the struclure;
54 - Mash near a service connected to the structure: r - rolling sphere radios; o, - safety distanee against o high
magnetic feld [11].
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Depending on the number, tvpe and sensitivity of the electrical and electronic systems,
suitable inner LPZs are defined from small local zones (the enclosure of a single electronic
equipment) up to large integral zones (the whole building volume). Figs. 5.5 - 5.7 show
tvpical LPZ lavouts for the protection of internal systems providing different solutions
suitable for existing structures in particular:

Fig. 5.5 shows the installation of a single LPZ 1, creating a protected volume inside the
whole structure. e.g. for enhanced withstand voltage levels of the internal systems:

— this LPZ 1 could be created using an LPS, in accordance with |[128). that consists of an
external LPS (air-termination, down-conductor and earth-termination system) and an internal
LPS (lightning equipotential bonding and compliance with the separation distances);

— the external LPS protects LPZ 1 against lightning flashes to the structure, but the magnetic
field inside LPZ | remains nearly unattenuated. This is because air-terminations and down-
conductors have mesh widths and typical distances greater than 5 m, therefore the spatial
shielding efTect is negligible as explained above:
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— the internal LPS requires bonding of all services entering the structure at the boundarv of
LPZ 1, including the installation of SPDs for all electrical and signal lines. This ensures that
the conducied surges on the incoming services are limited at the entrance by SPDs.
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Figure 5.5, Possibilities 1o establish LPZs in existing structures: Unshielded LPZ 1 usmg LPS and SPDs at the
entrance of the lines into the structure; where: F — power lines, 5 — signal lines [11].
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Fig. 5.6 shows that in an unshielded LPZ 1. new equipment also needs to be protected
against conducted surges. As an example, the signal lines can be protected using shielded
cables and the power lines using a coordinated SPD svstem. This mav require additional SPDs
tested with /7, and SPDs tested with a combination wave, installed close to the equipment, and
coordinated with the SPDs at the service entrance. It mayv also require additional Class Il
“double insulation™ of the equipment.
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Figure 5.6, Possibilities to establish LPZs in existing structures: Unshielded LPZ 1 with protection for new
intermnal systems using shielded signal lines and coordinated SPDs in power lines; where: £ — power lines,
& — signal lines [11].
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Fig. 5.7 shows the creation of two smaller LPZs (LPZs 2) inside LPZ 1. Additional SPDs
for power as well as for signal lines at the boundary of each LPZ 2 should be installed. These
SPDs should be coordinated with the SPDs at the boundary of LPZ | in accordance with

[133].
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Figure 3.7, Possibilities to establish L.PZs in existing structures: Unshielded LPZ 1 and two local 1.PZs 2 for new
internal systems: where: £ — power lines, 5 — signal lines [11].

5.3.2. Selection with regard to voltage protection level

According to | 11], selection of the proper voliage protection level of the SPD depends on:
the impulse withstand voltage U/, of the equipment to be protected, length of the connecting
conductors to the SPD. length and the routing of the circuit between the SPD and the
equipment.

The impulse withstand voltage U, of the equipment to be protected should be defined for
— equipment connected to power lines in accordance with [ 133, 138]:
~ equipment connected to telecom lines in accordance with [135, [139-141].
— other lines and equipment terminals in accordance with information obtained from the
manufacturer.

The protective level U/, of an SPD is related to the residual voltage at a defined nominal
current /,. For higher or lower currents passing through the SPD, the value of vollage at the
SPD’s terminals will change accordingly. The vollage protective level I should be compared
with the impulse withstand voltage U/, of the equipment. tested under the same conditions as
the SPD (over voltage and over current waveform and energy, energized equipment, etc). This
matter 15 under consideration. Equipment may contain internal SPD components. The
characteristics of these internal SPDs may affect the coordination,

When an SPD is connected to equipment to be protected. the inductive voltage drop AU/ of
the connecting conductors will add to the protection level [/, of the SPD. The resulting
effective protection level U, defined as the voltage at the output of the SPD resulting from
the protection level and the wiring voltage drop in the leads/connections (see Fig. 5.8). can be
assumed as being:
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- for voltage limiting type SPD(s):

Ups= Uy + AU (5.1)
- for voltage switching tvpe SPD(s):

Upr=max (U, AL) (5.2)
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Figure 5.8, Surge voltage between live conductor and bonding bar, where: [ - parial lighining eurrent;
U - indueed overvoltage, Upe =0+ AL - surge voltage between live conductor and bonding bar, L7, - limiting
vollage of SPD; ALT= AL+ AL 5 - inductive voltage drop on the bonding conductors; [, diffidr - magnetic tield
and its time dervative [11],

The surge voltage U,¢ between the live conductor and the bonding bar is higher than the
protection level [/, of the SPD, because of the inductive voltage drop Al/ at the bonding
conductors (even if the maximum values of U/, and Al/ do not necessarily appear
simultaneously). That is, the partial lightning current flowing through the SPD induces
additional voltage into the loop on the protected side of the circuit following the SPD.
Therefore the maximum voltage endangering the connecied equipment can be considerably
higher than the protection level 1/, of the SPD.

For some switching type SPDs it may be required to add the arc voltage to Al/. This arc
voltage mav be as high as some hundreds of volts. For combination tvpe SPDs more complex
formulae may be needed.

When the SPD 1s installed at the line entrance into the structure, Al/ = 1 KV per m length.
should be assumed. When the length of the connection conductors is < 0.5 m, [/,p= 1.2 = 1)
can be assumed. When the SPD is carrving induced surges only, Al/ can be neglected.

During the operating state of an SPD, the voltage between the SPD terminals is limited to
U, rat the location of the SPD. If the length of the circuit between the SPD and the equipment
is too long. propagation of surges can lead to an oscillation phenomenon. In the case of an
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open-circuit at the equipment’s terminals, this can increase the overvoltage up to 2 » [/, yand
failure of equipment may result even if Uy < U,

Information on the connecting conductors, connecting configurations and fuse withstand
levels for SPDs can be found in [129, 133].

Moreover lightning flashes to the structure or to ground nearby the structure, can induce an
overvoltage [/ in the circuit loop between the SPD and the equipment, that adds to U, and
thereby reduces the protection efficiency of the SPD. Induced overvoltages increase with the
dimensions of the loop (line routing: length of circuit, distance between PE and active
conductors, loop area between power and signal lines) and decrease with attenuation of the
magnetic lield strength (spatial shielding and/or line shielding).

In accordance with | 11] internal systems are protected if:
— they are energy coordinated with the upstream SPD, and
— one of the following three conditions is fulfilled:
1) Upe= Uy when the circuit length between the SPD and the equipment 1s negligible (tvpical
case of an SPD installed al equipment terminals);
2) U= 0.8 U when the circuit length is not greater than ten meters (tvpical case of SPD
installed at a secondary distribution board or at a socket outlet); Where lailure on internal
svstems may cause loss of human life or loss of service to the public doubling of voltage due
to oscillations should be considered and the criteria U, r=< U, /2 is required:
3) Upr= (U — U5) / 20 when the circuit length is more than ten meters (typical case of SPD
installed at the line entrance into the structure or in some cases al the secondary distribution
board).

If spatial shielding of the structure (or of the rooms) and/or line shielding (use of shielded
cables or metallic cable ducts) are provided, induced overvoltages U are usually negligible
and can be disregarded in most cases.

5.3.3. Selection with regard to discharge current

SPDs should withstand the discharge current expected at their installation point in
accordance with [11]. The use of SPDs depends on their withstand capability, classified in
[91] for power, and in [138] for telecommunication svstems. The selection of an SPD’s
discharge current rating is influenced by the tvpe of connection configuration and the tvpe of
power distribution network [129, 133]. fimp, foax and /1, are test parameters used in the
operating duty test for Class | and Class Il tests. They are related to the maximum values of
discharge currents, which are expected to occur at the LPL probability level at the location of
installation of the SPD in the system. [, is associated with Class II tests and [y is
associated with Class | tests.

SPDs should be selected in accordance with their intended installation location. At the line
entrance into the structure (at the boundary of LPZ 1. e.g. at the main distribution board MB):
— SPD tested with fiy, (Class 1 test): the required impulse current /iy, of the SPD should
provide for the (partial) lightning current to be expected at this installation point based on the
chosen LPL in accordance with | 18]:
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— SPD tested with 7, (Class II test): this type of SPD can be used when the lines entering are
entirely within LPZ Og or when the probability of failures of the SPD due to sources of
damage 51 and §3 can be disregarded. The required nominal discharge current /, of the SPD
should provide for the surge level to be expected at the installation point based on the chosen
LPL and related overcurrents, in accordance with [18]. The nisk of failures of the SPDs due to
sources of damage S1 and S3 can be disregarded if the total number of direct flashes to
structure (Np) and to line (V) complies with the condition:

Np + N 0,01 (5.3)

Close to the equipment to be protected (at the boundary of LPZ 2 and higher, eg. at a
secondary distribution board. or at a socket outlet):
— SPD tested with 7, (Class II test): the required nominal discharge current [, of the SPD
should provide for the surge current to be expected at this point of the installation, based the
chosen LPL and related overcurrents in accordance with [18]. An SPD having the
charactenstics of Class 1 and Class 11 tests may be used in this location;
— SPD tested with a combination wave [/, (Class III test): this type of SPD can be used when
the lines entering are entirelv within LPZ Oy or when the risk of failures of the SPD due to
sources of damage S1 and S3 can be disregarded. The required open circuit voltage rating U
ol the SPD (from which the short-circuil current [, can be determined, since test Class 111 is
carried out using a combination wave generator with a 2 £ impedance) should provide for the
surge level to be expected at the installation point, based on the chosen LPL and related
overcurrents, in accordance with [ 18].

5.3.4. Coordinated SPD system

The protection of intemal svstems against surges requires a svslematic approach consisting
of coordinated SPDs for both power and signal lines. The rules for the selection and
installation of a coordinated SPD system are similar in both cases [11]. In SPM using the
lightning protection zones concept with more than one inner LPZ (LPZ 1. LPZ 2 and higher),
SPD(s) shall be located at the line entrance into each LPZ. In SPM using LPZ 1 only, an SPD
shall be located at the line entrance into LPZ 1 at least. In both cases, additional SPDs may be
required if the distance between the location of the SPD and the equipment being protected is
long [ 18].

Procedure for installation of a coordinated SPD svstem. A coordinated SPD system should
be installed as follows:
— at the line entrance mnto the structure (at the boundary of LPZ |, e.g. at installation point
MB) install SPD1 fulfilling the requirements of location and discharge current.
— determine the impulse withstand voltage [/, of internal systems to be protected:
— select the voltage protection level U/, of SPD 1:
— check the requirements of voltage protection level are met;
Il this requirement is met, the equipment is adequatelv protected by SPD 1. Otherwise. an
additional SPD 2(s) is/are needed.
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— if so required, closer to the equipment (at the boundary of LPZ 2, e.g at the installation
point Sy or 8,), install SPD 2 fulfilling the requirements of location and discharge current, and
energy coordinated with the upstream SPD 1;
— select the protection level U;; of SPD 2:
— check the requirements of voltage protection are met:

If this requirement is met, the equipment is adequately protected by SPD | and SPD 2.
— otherwise. close to the equipment (e.g. at installation point &, socket). additional SPD 3(s)
is/are needed fulfilling the requirements of location and discharge current, and energy
coordinated with the upstream SPD 1 and SPD 2.
— check the condition {/y; = Uy is fulfilled.

The stress. which an SPD will experience under surge conditions. is a function of many
complex and interrelated parameters, like:
— location of the SPD(s) within the structure, as shown in Fig, 5.9;
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Figure 5.9, Installation example of test Class |, Class 1l and Class 1l SPDs; where: 1 - origin of the installation,
2 - distribution board; 3 - distribution outlet, 4 - main earthing terminal or bar; 3 - surge protective device, Class |
or Il tested; 6 - earthing comnection (earthing conductor) of the surge protective device; 7 - fixed equipment to be
protected; 8 - surge protective device, Class [l tested; 9 - surge protective device, Class I or Class I tested,
11} - decoupling element or line length; F1, F2, F3 - overcurrent protective disconnectors [11].

— method of coupling of the lightning strike to the facility — for example, is this via a direct
strike to the structure’s LPS (51), or via induction onto building wiring due to a nearby strike
(S2). or services feeding the structure (83 and S4);

— distribution of lightning currents within the structure — for example, what portion of the
lightning current enters the earthing system, and what remaining portion seeks a path to
remote earths via services which enter the structure such as the power distribution system,
metallic pipes, telecom services etc. and the equipotential bonding SPDs used on these:

— the resistance and inductance of services entering the structure, as these components effect
the current peak value / and charge Q distribution ratios;

— additional conductive services connected to the facility — these will carry a portion of the
direct lightning current and therefore reduce the portion which flows through the power
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distribution system via the lightning equipotential bonding SPD(s). Attention should be paid
to the permanence of such services due to possible replacement by non-conductive parts;

— tvpe of waveshape being considered — it 1s not possible to consider simply the peak current
which the SPD will have to conduct under surge conditions, one also has to consider the
waveshape of this surge (for example, 10/350 ps covering direct and partial lightning current.
8/20 ps covering induced lightning current) and the bulk charge O

— any additional structures which are interconnected to the primary structure via the power
service, as these will also effect the current sharing distribution.

The efficiency of a coordinated SPD system depends not onlv on the proper selection of
the SPDs, but also on their correct installation. Aspects to be considered include: location of
the SPD and connecting conductors. The location of the SPDs should comply with | 18] and is
primarily affected by:

— the specific source of damage e.g. lightning flashes to a structure (S1), to a line (S3), to
ground near a structure (S2) or to ground near a line (S4);

~the nearest opportunity to divert the surge current to ground (as close to the entrance point of
a line into the structure as possible).

The first critenion to be considered 1s: the closer the SPD is to the entrance point of the
incoming line, the greater the amount of equipment within the structure that will be protected
by this SPD (economic advantage). Then the second criterion should be checked: the closer an
SPD is Lo the equipment being protected, the more effective its protection will be (technical
advantage). The SPD’s connecting conductors should have a minimum cross-sectional area as
given in | 128)].

Moreover, in a coordinated SPD system, cascaded SPDs need to be energy coordinated in
accordance with [133. 135]. For this purpose, the SPD manufacturer should provide sufTicient
information as to how to achieve energy coordination between his different SPDs.
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5.4. Protection by isolation transformer

Power-frequency interference currents through the equipment and its connected signal
lines can be caused by large loops or the lack of a sufficiently low impedance bonding
network. To prevent such interference (mainly in TN-C installations). a suitable separation
between existing and new installations can be achieved using isolating interfaces. such as:
class Il insulated equipment (i.e. double insulation without a PE-conductor). metal-free fibre
optic cables: optical couplers and isolation transformers.

The basic criterion of selection an isolation transformer include, nominal operational
voltage and maximum output power. However. the lightning protection issues are not
specified by topical standards.

In Fig. 5.10 the installation of a large integral LPZ 2 inside of LPZ 1. to accommaodate the
new internal svstems is shown, The gnd-like spatial shield of LPZ 2 provides a significant
attenuation of the lightning magnetic field. On the left hand side, the SPDs installed at the
boundary of LPZ | (transition of LPZs (/1) and subsequently at the boundarv of LPZ 2
(transition of LPZs 1/2). should be coordinated in accordance with [133]. On the right hand
side. the SPDs installed at the boundary of LPZ 1 should be selected for a direct transition of
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Frgure 5.10. Possibilities to estabhish LPZs in existing structures: Unshiclded LPZ 1 and large shielded LPZ 2 for
new internal systems; where: £ — power lines, 5 — signal lines [11].
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5.5. Summary

In the present chapter some aspects of standardisation for lightning protection issues are
presented. The survey starts with standardisation bodies overview with reference to the
application fields and territories. The three standardization bodies for electrotechnics and
electronics fields. namely International Electrotechnical Commission (IEC). European
Committee for Electrotechnical Standardization (CENELEC) and national bodies (in ltaly
CEl) are evidenced,

In terms of lightning protection. it is possible to distinguish two intemational
standardisation bodies, namely IEC and I'TU. The IEC standards deals with electrical svstems.
The ITU standards deals with communication and signalling networks svstems.

In present work special focus is dedicated to IEC standard on SPD and isolation
transformer as selected protection measures against failure of electrical and electronic svstems
within a structures.

The lightning protection zones concept is examined and discussed. Examples of protection
measures installation in these zones are shown.

The SPD selection according to the voltage and current threat is presented. A real case,
where more than one SPD exist. is presented and basic rules of coordination svstems of SPD
are reported.

The selection an isolation transformer is not extensively considered over the topical
standards of lighining protection. These publications introduce well isolating interferences
concept, where an isolation transformer is one of possible protection measures.
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Chapter 6



6. Criteria for protection measures selection: experimental tests
and computer simulations for surge protective devices

6.1. Introduction

Electrical and electronic apparatus of modern structures are more and more sensilive o
electromagnetic fields produced by electrical currents of different sources and especially by
current of direct and nearby lightning strikes. Lightning overvoltages stressing electrical and
electronic systems within a structure are essentiallv due to |18, 142]: flashes to the structure
(S1): Nashes to ground or to grounded objects near the structure (S2): flashes to the connected
lines (583); flashes nearbv the connected lines (S4). The influence of lightning currents results
in overvoltages, which may be particularly dangerous for the equipment and the application of
protection measures is unavoidable. The classification and characteristics of critical
occurrences are described in chapter 3.

In order to limit the probability of damage (and then the risk) caused by lightning
overvoltages, different protection measures are suggested by the IEC Standards [11. 17|,
namely:

— a system of surge protective devices properly selected, coordinated and installed from the
point of view of the energy and of the protection levels in relation to the impulse withstand
voltage (1/,) value of the equipment to be protected.

— appropriate earthing and bonding as well as shielding of structure and/or cables:

— rouling precautions in the wiring installation.

Surge protective devices (SPD) belong to such measures and thev allow to reduce
significantly the probability of electrical equipment damage. but their effectiveness depends -
within a certain limits - on their proper selection and installation. Every disregard of these two
factors may result in an inadmissible voltage increase on terminals of a distant equipment to
be protected. It appears mainly due to oscillating phenomena, which in every case should be
involved into consideration and calculation of the SPD protection efficiency [143-149],

The present chapler intends to give a contribution 1o the investigation, by both computer
simulations and laboratory tests, on the criteria for the selection of the SPD protection level
({/p) in order to linut the voltage at the apparatus terminals to a value less than or equal to ils
withstand voltage (0/,). Such criteria are strongly influenced bv installation conditions of
SPD. Experimental tests are performed in the HV Laboratorv of Warsaw University of
Technology as well as in the HV Laboratory of University of Rome La Sapienza. Examples of
performed tests are given in paragraph 6.2. The experimental results consist of a first essential
step 1o circuit analvses and further to satisfactory models development. The methods of circuit
components representation for computer simulation issues are given in paragraph 6.3, The
laboratory and simulation results are compared in paragraph 6.4, where special focus is
dedicated for circuits protected by means of SPD limiting tvpe. The analvses of tvpical low-
voltage systems. where SPDs are used as protective devices are reported in paragraph 6.5 and
6.6. where upstream SPD and downstream SPD selection issues are deeply developed. The
considered circuit arrangements are simulated by the computer using a commercial transient
soltware EMTP-RV.
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6.2. Laboratory tests of surge protective devices

The cuwrrent test consist a fundamental experimental field to estimate SPD essential
features, namely the ¢/ / I charactenistic for SPD limiting type and clamping voltage for SPD
switching type. Moreover this type of test can estimate the durability of SPD. The current
tests are possible to carrv out with different shapes and peak values, according to specification
given in chapter 4. However the laboratory tests are much more complex and go bevond this
specification of generator. The tvpe of grounding svstem, connecting leads, probes.
oscilloscopes and son on, have also a major impact for obtained results. In present chapter the
current tests are performed with impulse current generator with a standard wave shape
(8/20 ps). The equivalent electne circuit of the analysed arrangement is shown in Fig. 6.1

R Lt
- - 1 } P -
1| sPp
VOLTAGE . VBLPRGE s [
GENERATOR ¢ oviper 1Pt W
| R
- . -
Z
Figure 6.1. Equivalent electne cireunt of  basic analvsed armangement, where: © = 16 pF, R = 042

Ry =106 ma, .= 4pH.

The impulse current generator consist on a capacitance which is charged bv voltage
generator (up to 3kV). The current peak value is regulated by means of voltage generator
charging the capacitance (". The wave form 8/20 ps is fixed by the relation of suitable values
of R, L. C circuil parameters. The arrangement is connected to the local ground svstem of
laboratory where the earth impedance value is 0,1 €. The voltage values are measured by
means of voltage divider 1:100, and the current values bv means of characteristic resistance
Ry = 10,6 m£2 Both signals are displaved on the digital oscilloscope Tektronix mod.
TDS2002B with maximal samples rate 1 GS/s and bandwidth 60MHz The oscilloscope is
connected to the PC in order to registered test results in digital form. Photos of laboratory
configuration are reporied in Fig. 6.2,

Figure 6.2, Photos of laboratory during the SPD test.
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An example of obtained oscillograms is represented in Fig. 6.3. On the picture is shown the
program window of software enclose to the digital oscilloscope with registered waves shapes
of voltage and current. The signal of first channel (1) represent the current wave shape
Mowing through the SPD. The registered vollage on the SPD terminals is shown by the signal

of second channel (2).

Figure 6.3, Example of obtained oscillograms; CH1 - current, CH2 - voltage.

—
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(A= | .-1
[Lee—
e Pl
1= -] [ealli

Preliminary, the 7/ I characienstic of SPD limiting tvpe 15 experimentally determined.
The numerical results of performed test are reported in Tab. 6.1. The column CH 1 is related
with registered values of voltage drop on the resistance used for the current measure, CH 2 is
related with registered values of voltage drop on the voltage divider. On the base of first two
columns the values of 7 (A) and {/ (V) are obtained.

lable 6.1. Registered values of voltage as well as the final values of current and voltage

CHI CH2 F(A) vy
0,00333 5,08 0,32 598
000393 6,34 0,37 634

0,067 7.07 6,33 07

0,328 7.53 31 753

1,12 B 105,86 200

2.1 8.33 198,49 ®33

193 9.1 463,97 a1

7.27 9.47 GR7,15 947

933 973 e85 973

13,7 [0.4 1294 89 1040
Mole:

I=CHI1/0,1058
U=CH2. 100




On the base of Tab. 6.1 is possible to construct the operational part of {/ '/ characteristic of
the SPD under test. The laboratorv results are compared in Fig. 6.4 with a manufacturer
characteristic MOD 320 given in [93] and they show a good agreement.

— manufacturer laboratory
2000
1500
| I
/
2 l
= 1000 + e
~
e
500 i
0
0.0 0.1 1 100 1000 10000 100000

[{A)
Figure 6.4. {7/ I characteristic of used 5P,

The second group of laboratory tests consist of voltage investigation. This character has
much more applicative aspect in the case of coordinated svstem ol lightning protection
measures as well as of induced voltages. In both cases the current have a small value and the
voltage wave shape has a significant influence on apparatus protection, especially in terms of
protected distances and withstand voltage (1/,,) of apparatus o be protected.

The basic circuit for laboratory tests is shown in Fig. 6.5, In such arrangement the impulse
voltage generator ((G) with peak value of 2,5 KV and wave shape 1,2/50 ps, the typical low-
voltage limiting SPDs, the low-voltage wires with 1,5 mm” cross-section for connections have
been used.

— , u1
-
> a4
| ' A
() "\ sPD | Ur
\ i

. r.Jl..-.:
i EBB

IE
|

Figure 6.5. Basic analysed arrangement, where: G - impulse voltage generator; {7 — surge vollage, 7, — surge
mmpedance lefl by the surge; EBE — equipotential bonding bar, £ — conventional earthing impedance;
Uy — vollage on the SPD terminals.
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The equivalent schema of the impulse voltage generator used is shown in Fig. 6.6.
The impulse generator consists of the voltage generator with maximal continuous voltage up
to 3 kV and different parameters of R, ('), R, C». To determine the wave shape 1.2/50 ps
the following parameters Ry = 13 Q, Cy =4 uF, R; = 17,6 Q, ;= 0,05 uF are selected, Photo
of described arrangement 15 shown in Fig. 6.7,

R

Figure 6.6. Equivalent electrie cirewit of impulse voltage generator, where: By = 13 8, Oy =4 uF, Ry = 17,6 02,
3 =10,05 uF,

— )

Figure 6.7, Photo of impulse voltage generator.

The SPDs limiting and switching tvpe used are shown in Fig. 6.8 and Fig. 6.9 respectively.

Figure 6.8, Photo ol SPD limiting type. Figure 6.9. Photo of SPD switching type.

Voltages at SPD were measured by a digital oscilloscope Tektronix mod, TDS2002B with
maximal samples rate | GS/s and bandwidth 60 MHz.

Examples of SPDs voltage [/, responses for limiting and switching tvpe are shown in
Fig. 6.10 and Fig. 6.11. respectively.
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Figure 6,10, Oscillogram of voltage on the SPD terminals (limiting type) under stressing overvoltage of 2,5 kV
and wave shape 1,2/530 ps.
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Figure 6,11, Oseillogram of voltage on the SPD terminals (switching tvpe) under stressing overvoltage ol 2.5 KV
and wave shape 1.2/50 ps.
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6.3. Computer simulation of surge protective devices: models development

6.3.1. Introduction

In this paragraph the concept of models development for computer simulation are
considered. Typical elements of low-voltage systems are taken into account as well as damage
source representation of lightning current.

6.3.2. Lightning source current
The lightning stroke may be simulated as an ideal current generator by means of the
following equation accepted by the standards | 18] already presented in chapter 2:

I It )"
f =P [I TI_] < .exp{_ff-r:] {{}-jl'
k 1+(t/7)
where:
k — correction factor for the peak current;
- lime;

{p — peak value of the lightning current;
1) — front time constant;
7 — tail time constant.

Three shapes of lightning current, namely representative of positive stroke (10/350 us),
first negative stroke (1/200 ps), subsequent negative stroke (0.25/100 ps) are considered as
well as the normalized shape dedicated for SPD class I test (8/20 ps). The relative equation
(6.1) parameters to obtain the mentioned wave shapes are reported in Tab. 6.2.

Table 6.2. Equation paramelers

Parameters | 10/350 ps | 1200 ps | 0,25/100 ps | 8720 ps
k 0,93 0,986 0,993 0,36
Ty (Hs) 19 1,82 0,454 14.6
T (J15) 485 285 143 20

A second way to represent the lightning current is reported in [150], where the current
front of the first strokes is expressed by the following relation:
I=Ar+ Br" (6.2)

The basic assumption is that the current shape reaches the instant of maximum steepness
(90% of amplitude) at a time 1, dependent on the exponent n. The two vanables are
approximated by

Sy

n=l+2{.¢x—l{2+ l ] (6.3)
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2 (6.4)
t, =061, 35y .
145,
. I
ay = #HI {{1.5}
L
where:
§m — Maximum sleepness;
fy— front time.
The constants of equation (6.2) then are given by:
A
A=——09-2-8_ (6.6)
n-1 f,
1
B= S of =097
) Ot —091,) 67
For subsequent strokes the current front is given by
I=§ i, (6.8)
The current tail equation is:
it -1, |
I=le i —1le 1 (6.9)
where:
fy. > — lime constants;
f>. I> — constants:
Iy, — ime-to-half value.
The constants are found from:
{I'|I = ‘fll
f =~b_u’ 6.10
1 |n{2} (6.10)
I,
t, =0l .'S'I. {6.11)
i
I, = L, [";m +09- J.".] (6.12)
1, —1t, [
Fi
p= i [Sm +0,9-2 ] (6.13)
B R ! : Il
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A third method for representation of lightning current is introduced in LIOV code [151.
152] for inductive effects on overhead lines. In this case the lightning current is simulated as
sum of three lightning current functions already presented in chapter 3.

i0.0) =, (0,6) + i1, (0.1) 7,1, (0.1) (6.14)

where the individual component of lightning current are defined as follows:

i (0.0) = —e (6.15)
A [ f ]
1+
Ty
=i
jH:{ﬂJ}: L.: T:_| — e fre {6 Iﬁ]‘
- g
l+[ ]
LEY
ins (0.0)=1, (1~ )~ (1~ 7)) 6.17)
B E (6.18)
7=k
(=] n=]? (6.19)
-f?: =g BN T J

where:
- [ront time coellicient;
[ - tail time coefficient.

The presented methods of lightning current simulation have particular benefits depending
on the considered arrangement as well as lightning current effects. In general cases for low-
voltage circuits the first representation of lighining current as reported in (6.1) seems to be
more proper for all tvpe of damage sources.

6.3.3. Low voltage SPD

The typical low-voltage limiting tvpe SPD is simulated in order to match the {/ / [/
charactenstic denived by actual voltage-current measurements. Models performance is
presented and discussed in chapter 4. An example of characteristic derived by means of model
elaborated is shown in Fig. 6.12.
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Figure 6.12. 7/ f characteristic of 5P limiting type.
It is important to mention that i/ / characteristic is svmmetrical and only positive part is
reported.

SPD switching type simulation takes into account the volt-time characteristic of the spark
gap and the arc resistance. The simulation aspects are reported in chapter 4.

The connection leads of SPD are simulated by means of concentrated inductance.

6.3.4. Supply line

Supply line as well as internal circuit conductors are simulated by means of transmission
line model where the parameters typical for the usual LV cable tyvpes are inserted. The
distributed parameter lined model is shown in Fig. 6.13.

X X+ AX
L Ax ol
= L'Ax
I(x,1)| RAx I(x +Ax.1)
e A | A
Ve o= S o

Figure 6.13. Distributed parameter line model.
The basic time domain equations of the single phase distributed parameter line (Fig. 6.12)
are [153, 154]:

—R'I(x.—-L'— (6.20)

drix,t) _ di(x.1)
dx dt
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The primed variables are given in per line length. When Laplace transformation is used:

(6.21)

?’Lj’i—"] =-Z'1(x.5) (6.22)
dl(x.5) _ ~¥'¥(x.s) (6.23)
dx
where:
2= R+l (6.24)
Y'=G'4sC" (6.25)

DifTerentiation of equations (6.22) and (6.23) results into:

i‘f_[_{l:ﬂ = ¥ (x,5) (6.26)
dx”
di(x.s) .
) = (x5 6.27
= 7 i(x.s) (6.27)
with;
7 =/ (R+sLNG+5C) (6.28)

The general solution of equations (6.25) and (6.26) is given by:

Vis)=Ve™+Ve" (6.29)
Y -
I(xs)= [ree™-ver] (6.30)
with the characteristic impedance:

REA
* N G4sC

(6.31)

A

For practical issues the supply line as well as internal circuit conductors can be
characterized by propagation velocity given by:

|
V=
JLC' W8

and surge impedance given by:
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Z=--;:-'ﬂ (6.33)

The typical values of these parameters for different tvpe of lines are reported in Tab. 6.3
[154].

Table 6.3. Line parameters.

Parameter | Overhead line | Low-voltage cable | Teleccommunication
v {m/s) 2+3-10° 2+3.10° 24310
Zh 200400 4060 20430

6.3.5. Transformer

The MV/LV transformer is simulated in transient conditions by a network representing the
winding capacitance C, inductance L and resistance R. The model construction is shown in
Fig. 6.14.

TRANSFORMER

— —1 —-—

R
Li

Ly

Figure 6.14. Simplified transformer model.

In case of lightning, fast front source, the dominant parameter of this model consist of
capacilance [155-157]. The respectively values of this parameter for dilferent tvpes ol
transformers as suggested by [158] are reported in Tab. 6.4, 1t is to note that the ranges of
capacitance values are different according to the corresponding values of operational voltage.

Table 6.4. Impulse capacitance of power, voltage and current transformer.

Type 10 kY 30 kY 110 kY 220 kY 380 KV
Power transformer 1-25nF | —2.8nF 0.5-6nF | -5nF | —6nF
Voltage transformer | 03 =04 nF | 03-04nF | 01 =2nF 0,1 =2nF 0.1 =2nF
Current transformer | 03 =04 nF | 03-040F | 01 =0,70F | 0,1 =07 nF | 0,1 =0,7 oF

6.3.6. Grounding system

Performance of grounding systems under low frequency and slow varyving currents 1s well
understood. The methodology of earth resistance calculation according to | 159] is reported in
Tab. 6.5.
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Table 6.5, Formulas for the caleulation of ground resistance of difTerent earthing ammangements.

o Hemisphere g
i radius r = I
Une ground rod {4l
. length [, radins | R= P In—- I]
% 2=l r
Two ground 2 4
LI rods 5 > [.; R=-"F In*u-'—l]+ P2 [l—ff': 2‘:4]
spacing s dal\  r 4y 3s° 5y
Two ground / ; 2 A
o rods 5 <L R=-" In4f'-+ln4f'— TR T 1J
spacing s da.\  r § 2L 1617 512K
Bured P 1 3
_ horzontal wire i 2 In 41 +In 41 _24 5 _ 5" i 5
length 2 L, dad.\ 1 § 2L 167 512107
depth &2
Right-angle turn ’ . o2 ¢
L of wire lengthof | R = fol In H +In 2 (L2373 +0.2146 - + 01035 --5-..- - l},iHZ'll_l- ]
armm [, depth 5/2 al\ r g L L L
Three-point star f % A
| engnoramr, | R=-2 22k 1071-0200% +0,238% — 00547, ]
depth 5/2 6al\ r § L L L
Four point star A A . P ¢
~|— engthofam £, | R=-2-{ 122 +1n2E +2012-10715 40,6455 —0,145° ]
depth s/2 8al\ r § L b L
Six-poant star . | .4
>|< tlengthofam Z, | R=—L [In L 2l s 6851-3128% 41,7585, 04907, ]
depth 512 12, r § L L ,
Eighi-point star : : @ P P
* lengthofarm £, | R= P [ln 4 +In 4 +10,98-551 . +3.26 - =~117 ‘.: ]
dupth 512 | G-TIT\.I',- r 5 T I L
Ring of wire
O diameter of ring o In ﬁl’z + |I'l£
£, dusmeter of D d g
wire o, depth /2
Buried
honzontal strip . . ,
length 27, Bl |30, G g AL S 88 L
section a by &, dd.\  a 2a+b) s 2L 16} s120
depth s/2, h<
als
Buried 2 4
@ horizontal tound | p_ £ P [, T a  33a
plate radius a, CRa 4Am 125 405"
depth /2
Buried vertical 3 p
round plate R=P . P |+1r_r_+ﬂa_
radius a. depth Ra  dms 245 3208
52
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In case of lightning, in surge conditions, grounding systems might have different and often
complex behavior due to discharge in the soil. Complex processes are characterized by a
hysteresis comportment (see Fig. 6.15). Grounding svstems behavior in transient conditions of
earthed electrodes of various shapes (horizontal conductors. driven-rods. grid svstems) from
theoretical and experimental points of view is described in [160-165] and [166-170]
respectively. Recent models take into account discrete breakdown and filamentary arc paths.
but relevant parameters are usually not known for practical cases [171].

The grounding svstem models can be approached by engineering methods based on circuit
concepts or physical methods based on electromagnetic field concepts. In present work the
engineering concepl is selected. In practical situations often detalled data on the soil
properties are unknown.

Sparking region

lonization region

Digsonaration region

Nnmm;uza-u-nn-neqm
Figure 6.15. Lightning current effects on soil.
Often the soil is formed by dilferent lavers. The soil laver division is represented
in Fig. 6.16.Usually lavered models are applied with apparent resistivity of the lavers [172].

Air (g, )

Soil upper layer (p., £, ) d

Figure 6.16. Soil with two lavers,

In practical cases the non-linear behavior of soil due to ionization effects can be ignored
which alwavs gives conservative resulls or can be represented by means of variable resistance
[173].

The geometrical features of earthing arrangement have an impact on the electrical
characteristics [171]. The Fig. 6.17. shows earthing arrangement behavior for A tvpe rods
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defined by [11] for different conductor length value as a function of soil resistivity. It is to
note that for the tvpical situation the earthing arrangement has an inductive behavior. The rate
of rise of the [ront of current impulses is therefore of major importance as it increases the
importance ol inductive voltage drop in comparison with resistive one [ 160, 169, 170].

16

v

,/ | iCapacifive behaviolr

{ (m)
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il |

100 200 300 400 S00 600 700 8O0 00 1000
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Figure 6.17. Earthing arrangement behaviour for A type rod [11] according to the soil resistivity,

Lightning current, independently from the polarity, propagates into the soil according to
the tvpical laws of conducting means, taking into account the range of frequencies involved in
the lightning current (from some hundreds of kHz up to 1 MHz) and for the soil resistivity up
to 5000 2m [164]. 1t is therefore of basic importance, even for the dimensioning the earth
termination system under lightning current, the knowledge of the soil resistivity and attention
must be paid to the inhomogeneity of the soil involved in the current discharge. The high
values of lightning currents associated with very short front durations can result in high
current density in the lavers of soil nearest the surface of ground electrodes so that the critical
gradients may be exceed and discharges into the soil can occur [170, 174].

In Fig. 6.18. the influence of conductor length of earthing arrangement on the total value of
earth impedance for different value of soil resistivity is shown, This characteristics are
obtained with an impulse current wave shape 7 pus / 17 ps and peak value 5 kKA. This aspect in
details is described in [175].

In order to analyse and to compare the behaviour of different kinds of earth electrodes it is
convenient to define some tyvpical involved parameters | 164]:
- transient or surge impedance defined as ratio between the instantaneous values of the earth-
termination voltage (potential difference between the earth-termination system and the remote
earth) and the earth-termination current which. in general. do not occur simultaneously;
- conventional earth impedance. defined as ratio of the peak values of the earth-termination
voltage and the earth-termination current. It is used conventionally to indicate the resistance
of the earth-termination svstem when subjected to lightning current;
- the impulse factor, defined as the ratio between the conventional earth impedance and the
low frequency resistance of the earth electrode.
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Figure 6.18. Conventional earthing impedance of A type rod as a function of length conductor for six different
values of earth resistivity ranging 20 + 2000 Om.

The influence of earthing arrangement svstem dimensions for different configurations on
the earthing impedance for different svstems and soil resistivity 1500 £m i1s shown
in Fig. 6.19 [175].
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Figure 6.19. Earthing impedance of different earthing svsiems as a function its dimensions for soil resistivity
1 500 Lm.
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The vertical earthing arrangement, namely rod type A according to IEC 62305-3, can be
represented by means of R, I, € elements. The basic configuration is shown in Fig, 6.20.

.!II L:_EI
Air |
A Earth M o
f ' e [ > R.: o
!
— - 2r

ngm {1'2“ Mﬂdﬂ'l nr "-'Eﬂif;u] l'ﬂil I-:'-Pﬂ |"~'|.-

The parameters according to the rod features as well as soil parameters can be calculated as
follows:

g . AU
R="1n 6.34
2 { )
2/
€ =274 1n (6.35)
r
=i (6.36)
2z r

where:

R - resistance (C2);

L = inductance (H):

C — capacitance (F):

2 - resistivity of soil (Q2m);
£~ permittivity of soil (F/m);
Hy — permeability (H/m):

[ - rod length (m).

r - rod radius (m).

A discrete approximation of the distributed-parameter circuit is often used [176].

More advanced configuration is represented in Fig. 6.21, where the rod is divided into ¥V
fictitious segments and each segment of the rod is represented by a R-L-C seclion. Identical
parameters are used for each section.
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Figure 6.21. Model of vertical rod tvpe Al

The parameters for each section can be calculated as follows:

| 21
Rﬁa =%in? (6.37)
1
=22 -
r
L= ;;L |ni‘r (6.39)

The transmission line model can be also adapted in terms of rod tvpe A representation. Per-
unit-length parameters can be computed approximately as static parameters since the field
structure for the transverse electromagnetic satisfies a static distribution in any transverse
plane. Therefore for vertical rod approximate per-unit-length parameters G°, (" and " can be
simply obtained by dividing G, C and £ with / [177]. Further simple formulas for Z, y and Z
can be applied.

Rt P2 (6.40)
& 25 r
. i T
e=ts m[ln & } (6.41)
! r
L ou . 2
L'===1p 6.42
I 2 r %)
7= joL(G+ joC) (6.43)
Z =2Z_ coth (6.44)
Z. =\Z'/F (6.45)
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Figure 6.22. Sketch of honzontal rod type A,

Similarly, for a horizontal ground electrode (shown in Fig. 6.22) approximate per-unit-
length parameters (¢°, (" and 1" are [178]:

'} 21
R'= = = :[: [In -"zrh - l} (6.46)
= -1
C'= (J =x5[ln .:21; —I] (6.47)
| 2rh
b T S
i ;;[ln 2rh Fl] (549)

The transient behaviour of earthing arrangement, namelv mesh (tvpe B in standard
IEC/EN 62305-3) mav be simulated by means of a network of n elements consisting of a
capacitance C, an inductance . and a conductance G, what is shown in Fig. 6.23

e L
=P

T I 2 T T ! :> anll on: 6nl o

== 3:10m
Figure 6.23. Example of mesh model.

The parameters for unit of length can be calculated as follows:

1
=2 .[m ;"' y —1] (6.49)
p y2er-
. 2:4 I
L'=02-10 “[ln i‘r —IJ (6.51)

In case of mesh model. the selection of the parameters values depend on the lightning
termination point. Also. it is possible to model complex interactions between the grounding
svstems and connected complex and distributed electrical systems [ 179, 180].
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6.4. Comparison of numerical and experimental results

In present part of work compansons of numerical and experimental results are reported. for
the discussion the SPD limiting type as protection measure is selected. The first comparison
refers to the laboratory results shown in Fig. 6.24. The conditions of test are described in
paragraph 6.2.2.
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Figure 6.24. Oscillogram of voltage on the SPD terminals (limiting tvpe) under stressing overvoltage of 2,5 kV
and wave shape 1,2/50 ps.

For the numerical simulation of SPD limiting tvpe the {// [ characteristic obtained during
current test of SPD as described in 6.2.1. is used.

The Fig. 6.25. a) and b) represents computed results of SPD response.

» ;m‘ s =

] ) Y] T 100 1 150 s 0 Frcd =0
Tiems 4}l
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0 = 50 ] 100 125 150 175 00 F= 250
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Figure 6.25, Vollage on the SPD terminals: a) in case of use the ideal voltage generator with determmate wave
shape 1,2/50 ps: b) in case of use the real voltage generator with determmate wave shape 1,2/50 ps,
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In Fig. 6.25 a) the voltage generator is simulated as an ideal generator, the SPD front time
of wave shape (71) is close to the experimental results, however the time to half value (75) has
different shape. This fact is well spotted after 50 ps.

The results of second case (reported in Fig. 6.25 b) when the impulse voltage generator
has been reconstructed according to its real features, show a good agreement for the front time
(77) as well for the time to half value (73). The small difference of voltage values can be
tolerated, as shown by comparing Fig. 6.24 and Fig. 6.25 b).

The results shown that the numerical calculation of analvtical model are convergence with
results from real object in case if the impulse voltage generator is constructed according to the
real stressing device and the other phyvsical elements are considered Moreover present
comparison shows that the solution of simulation model for an SPD limiting tyvpe is quile
proper [107].

A more advanced comparison refers to the arrangement of Fig. 6.26. Such arrangement
consists of the impulse voltage generator (G) selected to obtain a wave shape 1.2/50 us.
the typical low-voltage limiting SPDs, the conductors leading the SPD and the equipment to
be protected and some different resistive (R). inductive (1), and capacitive (C") loading
elements.

~ U v
L — - - i
o
-
La 1 £ il - - L]
(G | SPD | Uy | IR e

L ] L] l‘ L]

LY XS

EBR
| z

Figure 6.26. Analysed armangement: & - impulse voltage generator; Uy — surge vollage: Zg) — surge impedance
left by the surge; EBE - equipotential bonding bar; #Z — earth impedance: Us — vollage on the SPD terminals;
d — line length; Z5 — surge impedance right by the line: U7 — overvoltage incoming through distant 5P
Ly —wvoltage on the terminals of equipment (o be protected (R, L, O,

The following voltages are measured during the tests and simulations:
- U, - the voltage on the SPD termunals (CH1);
- U - the voltage on the terminal of equipment to be protected (CH2).

Some results obtained by laboratory test and by simulations are reported in Fig. 6,27 a) and
b) for R load. in Fig. 6.28 a) and b} for £. load, in Fig. 6.29 a) and b) for € load.

In case of resistive load. the ® = 48 Q and the line length of 25 m for test and simulation
are selected.
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Figure 6.27. Oscillograms of voltage at equipment to be protected for R = 48 €2 load condition, = 25m;
CHI veltage on the SPD terminals; CH2 voltage on the load: a) Experimental resulis; b) Compuied results.

In this case the parameter of resistive load is close to condition of short circuit. so
oscillations are not possible. It can be noticed that the value of voltage on the terminal of

equipment to be protected (CH2) is similar to the voltage on the SPD terminals (CH1) due to
limited length (25 m) of line connecting SPD and load.

In case of inductive load. the . = 4.5 uH and the line length of 25 m for test and simulation

are considered.
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Figure 6.28. Oscillograms of voltage al equipment to be protected for [ = 4.5 pH load condition, d = 25 m:
CHI voltage on the SPD temunals; CH2 voltage on the load:; a) Expenmental results; b) Computed results.

It can be noticed that for laboratory test (Fig. 6.28 a) the value of voltage on the terminal of
equipment 1o be protected (CH2) is significant smaller than the voltage on the SPD terminals
(CH1). Corresponding simulation (Fig. 6.28 b) exhibits a form similar to the experimental
results. In this case the effect of inductive load 1s visible in the inverse oscillation on the SPD
terminals.

In case of capacitive load. the €' = 0,25 pF and the line length of 0.1: 10; 25 m for test and
simulation are taken into account.
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Figure 6.29. Oscillograms of voltage al equipment 1o be protected for C = 0,25 pF load condition, = 0,1 m;
CHI voltage on the SPD terminals; CH2 veltage on the load: a) Experimental results; b) Computed results.
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Figure 6,30, Oscillograms of voltage at equipment 1o be protected for © = 0,25 pF load condinon, « = 10 m;
CHI voltage on the SPD termuanals; CH2 voltage on the load; a) Expenmental results; b) Computed results.
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Figure 6.31. Oscillograms of volltage at equipment to be protected for © = 0,25 pl load condition, = 25 m:
CHI voltage on the SPD lerminals: CH2 voltage on the load; a) Experimental resulis: b) Computed results.
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It can be noticed that for laboratory tests (Fig. 6.29 a, 6.30 a, 6.31 a) the value of voltage
on the terminals of equipment to be protected (CH2) is significant higher than the voltage on
the SPD terminals (CH1). This increment (Al') depends on the line length. Corresponding
simulations (Fig. 6.29 b, 6.30 b, 6.31 b) have the form similar to the experimental results.
The results are summarized and reported in Tab. 6.6.

Table 6.6. Measured and simulated values of veliage ot apparatus to be protected for € =023 pF load condition
and different line lengths.

Line Tests Simulations
length t AU i AU
(m) (v) V) V) (v)
0.1 1124 324 1162 362
10 1363 363 1381 581
25 1395 595 1398 598
Mote:
AL =voltage increment respect to the value of vollage on the
SPD terminals

On the base of computer simulation model is possible to analyse other electrical circuits,
difficult to realize in laboratory. Some results for long leads ¢ = 100m and different load
conditions are reporied in Fig. 6.32 for R load, in Fig. 6.33 for L load and in Fig. 6.34 lor
load.

o % 50 i 100 128 150 17 200 225 250
Time s}

Figure 6.32. Computed oscillograms of voltage at equipment 1o be protected for R = 1 MG load condition,
d = 100 m; a) vollage on the SPD terminals; b) voltage on the load.
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Figure 6.33. Computed oscillograms of vollage al equipment to be proteeted for L = 5 mH load condition,
o = 100 m; a) voltage on the SPD terminals; b) voltage on the load.
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Figure 6,34, Computed oscillograms of voltage at equipment to be protected for © = 25 nF load condition,
=100 m; a) voltage on the SPD terminals; b) voltage on the load.

From the oscillograms it can be observed that the voltage on the load is doubled, whatever
15 the load condition due to travelling wave effect on long (100m) line length between SPD
and load.
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6.5. Factors influencing the selection and installation of surge protective devices for low
voltage systems: upstream SPD

6.5.1. Introduction

For a proper selection and installation of SPDs, it is of essential importance to know the
stress, which an SPD will experience under surge conditions: such stress, as underlined by the
Standard [11. 18], is a function of manv complex and interrelated factors. These include: the
location of the SPD(s) within the structure: the method of coupling of the lightning strike to
the facility (resistive or inductive). the routing of internal circuits and their distance from
inducing lightning currents; the sharing of lightning currents within the structure to the
earthing svstem and to the connected services. mainly the current peak value and waveshape.
which the SPD will have to conduct under surge conditions. Furthermore the different
behaviour of the SPD containing spark gaps (switching tvpe SPD) and SPD containing metal-
oxide varistors (limiting tvpe SPD) should be considered.

In the present paragraph only surges due to flashes to the structure (source S1). what
consist of worst case, protected by a lightning protection system (LPS), are considered. The
influence of the main lactors and parameters which afTect the selection and installation of an
SPD of both tvpes (switching and limiting) installed at entrv point of line in the structure are
discussed. Investigation relevant to SPD installed downstream are considered in section 6.6.
By several computer simulations, simple rules are established lor the selection of ellective
SPD with regard to the discharge current and its protection level.

6.5.2. Selection with regard to discharge current

The selection of the discharge current of an SPD requires the evaluation of the peak value
and wave shape of the possible current flowing through the SPD [146. 147, 181-184]. In fact
as general rule. SPD shall withstand the energy relevant to the perspective current at the
installation point and, at this value, the protection level 1/, shall be lower than the required
one. Moreover, the selection of such current has an essential influence on the aging of SPD. In
particular, this aspect is more important in an SPD limiting tvpe, such as a varistor, where a
degradation is registered due to the effect of single or multiple current pulses that are able to
produce microstructural changes in the material.

As shown in the diagram of Fig. 6.35, the lightning current striking the LPS. as result of
resistive coupling, is shared between the earth arrangement of the structure and the supply
line. The current /spp flowing through the SPDJ to the incoming line depends. in amplitude
and shape. on the conventional impedance of the earth arrangement (£) and on the impedance
of the supply line (mainly on line length) and on the wave shape of the lightning current.
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Figure 6,35, Basic diagram of circuit to supply an apparatus and the loop formed by PE, phase conductor and an
SPD bonded to a concentrated earth termination armngement (type A according to [EC/EN 62303-3).

An example of the currents distribution of the considered arrangement is presented in Fig.
6.36 and in Fig. 6.37 for lightning current shape 10/350 ps and 0,25/100 ps respectively.

=f =la =la =lau

=15

Curran (KA}

i} S0 100 150 200 =0 ] 50 400 455 SO0

Time {js)
Figure 6.36. Current distribution in the arrangement considered in Fig. 6.35; lightning current wave shape
1(¥350 ps; conventional earth impedance £ = 10 £k supply line length £ = 100 m with two conductors; no
external connected services. [ - lightning current; f - current to earth electrode; [y - cumrent to the neutral;
fssry - current to the phase conduetor,
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Figure 6.37. Current distribution in the arrangement considered in Fig. 6.35; lightning eurrent wave shape
0.25/100 ps: earth impedance # = 10 €2 supply line length L = 100 m with two conductors; no external
connected services. [ - lighining current; [ - current 1o earth electrode: [y, - current 1o the neutral: gy - current
to the phase conductor.

Indeed shape of lightning current and line length scarcely affect the amplitude of fspp.
while the rise time 7 of fspy increases with the length of the supplv line as reported in Fig.
6.38: this directlv affects the voltage drop AV on the connection conductors of SPD (see
6.5.3).
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Figure 6.38, Rise time T, of the eurrent feprn a5 a function of supply line length L for three shapes of lighining
current.

The highest values of current flowing through the SPD occur where a single line with two
conductors is connected to the structure, with no other connected external service and for high
values of the conventional impedance of the earth arrangement (Z), as shown in Fig. 6.39.
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Figure 6.39. Percentage of the current /gy as a function of conventional earth impedance for the positive stroke
current 1(OV350 ps, Length of supply line . = 30 m; no external connected services.

The Z value of an earthing arrangement. dimensioned according to IEC/EN 62305-3,
increases with the lightning protection level (LPL). 1.e. Z=100Q for LPL 1 and Z = 15 Q for
LPL 1I: therefore the current Jypp 18 increasing with LPL.

As an example, il' Z = 10 Q is assumed and a single supply line with two conduclors is
connected to the structure, with any other connected extemal service, the current /spp ranges
from 27% to 21% for a positive flash (standard shape 10/350 ps) and from 23% to 18% for
subsequent stroke of negative flash (standard shape 0.25/100 ps). as the length of the line L
varies from 50 m to 500 m. These values are in the range of the approximate value (25%)
suggested by the IEC/EN 62305-1 independently from the wave shape of lightning current,
the length of the line and the protection level LPL.

Furthermore, the results of several simulations show that the current fspp 15 not
practically influenced by :
- the tvpe of earthing arrangement, namely rod tvpe (tvpe A according to standard EC/EN
623035-3) or ring or mesh type (tvpe B of standard IEC/EN 62305-3);
- the tvpe of electrical svstem . TT or TN:
- the tvpe of SPD, switching or limiting .

For a properly designed SPD, the charge for unit of current, associated to the current fspp,
is increasing with the line length but at least for the line length values [ < 1000 m, is always
less than 0,5 C/kA. even in the worst case of positive flashes (shape 10/350 ps). as shown in
Fig. 6.40.

Note that the charge 0.5 C/kA is the value associated to the current with the standard shape
10/350 ps, so that indeed such shape appear adequate for SPD class | testing,
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Figure 6.40. Charge per unit of current Mowing through SPD as a funetion of supply line length L for three
shapes of lighining current.
6.5.3. SPD selection with regard to protection level

The selection with regard to protection level U/, of an SPD has a direct influence on the
values of the voltage at the terminals of the apparatus to be protected /) .

The voltage {/, depends on:

- the protection level U, of SPD;

- the inductive voltage drop AV of the leads/connections of SPD:

- the efTects of surge travelling along the protected circuit:

- the overvoltages U; induced by lightning current in the protected circuit.

The inductive vollage drop AV on the leads/connections of SPD should be combined with
the protection level 1/, in order to obtain the so-called “effective protection level™ [/, of the
SPD [11]. The voltage drop depends on the length of the connecting leads and on the
steepness of the current [lowing through the SPD, which, depends, as mentioned at the
preceding section, on the impedance of the earth arrangement and on the line length.

Moreover, the propagating effect of fast transients along the protected circuit shall be taken
into account. Due to oscillation phenomena of fast surges, in the time interval of two times the
travel time of surge along the circuit. the voltage {); at the apparatus terminals is [ 146, 147.
185]:

Uh=U,+k-1 ifl<] (6.52)

Uh=2-1 ifi=h (6.53)
where:
=25 — increment of the voltage per unit of the circuit length (V/m):

L1

§ — front steepness of the voltage at SPD terminals (V/us):
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v — the speed of voltage surge along the circuit (m/ps);
{ — the distance between SPD and apparatus to be protected,
{5 — the distance at which the voltage is doubled on apparatus terminals.
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Figure 6.41. Protecied circuit length /; as function of earth-lermination voltage [V, for three lighining current
shapes: protection level of switching type SPD: 1,25 kY,

For the SPD of switching tvpe the voliage [/} at the SPD terminals mav be approximate by
a triangular shape reaching the maximum value U/, at switching time of the SPD.

The distance /> at which the voltage is doubled on apparatus terminals decreases with:
- increasing of the [ront steepness s;
- increasing of protection level [/, of SPD:
- increasing of the amplitude of earth-termination voltage U/, = Z I stressing the SPD. as
shown in Fig. 6.41;
- decreasing of the rise time ol the stressing overvoltage U,

For the SPD of limiting tvpe the voltage {/; at the SPD terminals may be approximated by a
rectangular shape and the maximum value 1/, is reached in a short time — from 0,1 ps for
wave shape 0.25/100 ps to 3 ps for shape 10/350 us of the lightning current; such time is
scarcely affected by the line length and bv the value of conventional earth impedance 2.

The distance at which the voltage i1s doubled on apparatus terminals (/;) increases as the
rise time of the lightning current / is increasing. In Fig. 6.41. 6.42 and 6.43 a summary of the
obtained results is reported for negative subsequent strokes current 0,25/100 ps, negative first
stroke current 1/200 ps and positive flash current 10/350 ps.
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Figure 6.42. Voliage ratio [} / L], for SPD switiching and limiting type as a function of the protected circuit

length /. Protection level of the SPD: 1,25 kV, lightning current 0,25/100 ps; earth termination voltage
{7, = B0 kV: supply line length £ = 50 + 1000 m.
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Figure 6.43. Voltage ratio [/, / L/, as a function of the protected circuit length [ for three lightning current shapes.

For the fastest lightning current (0,25/100 us). usually the distance /; does not overcome a
value of 20 m, but at the distance of about 10 m from the SPD the voltage alreadv reaches the
value Uy = 1.9 I, as demonstrated in Fig. 6.43. Therefore for practical purposes k = 0,1 [
may be assumed Furthermore, the overvoltage [/ induced by lightning current in the
protected circuit. has to be also considered. and its influence on the protection distance must
be taken in account. Simple methods to evaluate the induced voltage {/; are reported in [11].
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Lastly it is noted that the voltage measured at the apparatus terminals may overshoot the
SPD nominal protection level [186] even by a factor higher than 2. Such result should be
further considered and discussed with particular altention to successive reflections from the
LV power line and to the capacitive coupling to earth of the line as well as of the circuit
between SPD and apparatus. which cannot be ignored and may influence the voltage at the
apparatus terminals.

6.5.4. Inductive voltage drop AY on the connection leads of SPD

The inductive voltage drop A} on the leads/connections of SPD (Fig. 5.8) depends on the
inductance L. of such leads and on the steepness of the current /spp flowing through the SPD
to the incoming lines. and then on its amplitude and rise time.

As discussed in section 6.5.2, amplitude and rise time of the current /spp depend on the
earthing arrangement and on the line length. Because the amplitude of the current /fspp is
decreasing and the rise time 77 is increasing with increasing of the supply line length,
consequently the voltage drop AV is decreasing with such length.

The highest value of the voltage drop is due to the flowing of the current of negative
subsequent stroke.

For a properlv designed SPD. the values of AV are in most the cases higher than
AV =1kV/m fixed by the IEC/ EN 623054, independently from the length of the connected
line, from the sharing of the current among the conductors of the incoming lines and external
services as well as from the lightning protection level LPL.

At assumption of L. = | pH/m, the voltage drop AV assumes the values reported in
Tab. 6.7 according to the protection level LPL and the supply line length.

Table 6.7. Voltage drop AP in the SPDY branch; earth impedance £ = 10 £ monoe phase supply line length
ranging between 50 m and 1000 m.

LPL1 LPLII LPL HI-1V
Source type
(kV/m) (kV/m) {kV/m)
First positive
stroke 65+15 5+1 3307
(10330 ps)
First negative
stroke T+16 55+1,2 35+08
(11200 ps)
Subsequent
negalive stroke 8+35 6+ 26 4+17
(0,257100 us)

From the results summarized in Tab. 6.7 11 can be demonstrated that the worst case consist
of subsequent negative strokes for LPL L
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6.5.5. SPD dimensioning

Selection of protection level U,

For the SPDI installed at the entry point of the line (main switch board) the selection of
protection level L/, should take into account:
a) the inductive voltage drop AV of the leads/connections of SPD,
b) the effects of surge travelling along the protected circuit,
¢) the voltage U, induced by lightning current in the protected circuit formed by the SPD
and the apparatus 1o be protected.

In all the three cases reference should be made to the subsequent strokes of negative
Mashes. which represent the more severe case. as discussed in 6.5.2.

Following the IEC 62305-4 [11], if an effective protection level Ujsis defined as the voliage
at the output of the SPD resulting from its protection level [/, and the voltage drop AV,
namely:

Up=U, + AV for limiting type SPD (6.54)

Upe=max (U, , AV} for switching tvpe SPD (6.55)

the following formulas mav help in the selection of U/, according to the length / of the
protected circuit:

Upe < Uy for /=0m (6.56)
Up=(Uy=U)/(1+ 0.1y for 0</<10m (6.57)
U2 (Un—U5) /2 for /=10m (6.58)

being {/, the rated impulse withstand voltage of the apparatus to be protected.

It is to note that the value Uy < 0.8 U, suggested by the IEC/ EN 62305-4 for 0 </< 10 m
is not on safety side in [ront of the value given by formula (6.54).

Due to high values of AV, even if the induced voltage U/} = 0 is assumed, the distance
between SPD/ and apparatus (or the value of [/,) should be kept so low that practically in all
cases installation of a downstream SPD2 is required.

Once SPD2 s provided, the fulfillment of conditions a. b) and ¢) are no longer required for
SPDI: only the energy coordination between SPD/ and SPD2 should be considered.

Selection of SPD discharge current

The impulse current [y, of a class | test SPD and the nominal current [, of a class 1l test

SPD should be selected in such way that :

a) the value of U/, at the current fsp; expected at the point of SPD installation, does not
overcome the rated impulse withstand voltage level U, of the equipment to be protected.:

b) the energy associated to the discharge current does not overcome the value tolerated by the
SPD,
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If the shape of the fspp would be the same of the SPD standard test current (10/350 ps for
SPD of class 1 test, 8/20 ps for SPD of class 11 test) both the conditions a) and b) could be
verified il

fimp = Ispn for SPD of class I test (6.59)

P ) for SPD of class I test {6.60)

Usually the wave shape of expecled fspp dilTers [rom the standardized shape of SPD test
current. In this case, condition b) may be considered satisfied as a first approximation if the
charge Ospp associated to fspp does not overcome the tolerable one for the SPD.

If we consider that the charge Ospp for unit of current associated to the standard current
10/350 ps 18 Omp = 0.5 C/KA and to the standard current 8/20 ps is O, = 0,027 C/kA,
the relations to be respected for SPD dimensioning are the following;

for SPD class | test;

limp = IspD (6.61)
Qimp= Ospp or numerically fip = 2 Ospp (6.62)
for SPD class Il test:
Iy = Ispp (6.63)
O, = Ospyy or numerically 1,= 37 Ogppy (6.64)

It should be noted (see Fig. 6.40) that an SPD/ class I test is able to withstand the expected
charge Ospp so that its dimensioning is determined by the current fspp.

6.5.6. Conclusions relevant to the upstream SPD
From the analysis herewith performed the following conclusions may be drawn:

# The selection of a proper protection level of SPD is affected by the length and the
characteristics of the circuit between the SPD and the apparatus and by the shape of
lightning current;

+ the voltage U at apparatus terminals increases with circuit length and may reach the double
ol SPD effective protection level {/,rin ten meters for the negative subsequent stroke
(worst case):

s the inductive voltage drop AV on the leads/connections of SPD may reach several hundred
volis even for short connection length (0,1 + 0.2 m):

e due to high values of AV, even if overvoltage [/, induced in the circuil is negligible, the
distance between SPDI and apparatus (or the value of /) should be kept so low that
practically in all cases installation of a downstream SPD2 is required.

e the rise time of the current fspp fMlowing through the SPD to the incoming lines is longer
than the rise time of the lightning current and is increasing as the length of the line
increases, while its amplitude decreases with the line length:

# an SPDI class I test is able to withstand the expected charge Ospp so that its dimensioning
is determined by the current /spp:

» the standard lightning current shape 10/350 ps appears adequate for SPD testing.
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6.6. Factors influencing the selection and installation of surge protective devices for low
voltage systems: downstream SPD

6.6.1. Introduction

The present section intends to give a contribution to the investigation on the expected surge
current, peak value and shape, due to lightning electromagnetic impulse (LEMP) by flashes to
the structure for the surge protective device (SPD) proper selection in order to assure
electronic apparatus operation. The obtained results are discussed with the SPD requirements
of international standard [ 18].

In the previous section (6.5) and in the contnibutions [107, 143-147, 187, 188] il has been
demonstrated that in the case of source of damage S1. an SPD (SPD/) installed at the entry
point of an incoming line is not able to protect the apparatus internal to the structure (see Fig.
6.35) if the length of the circuit between SPD and apparatus is higher than few meters. In these
circuits a second SPD (SPD2) is required to be installed close to the apparatus to be protected.
SPD2 should be energy coordinated with SPD/ taking into account the cuwrrent and the
associated charge values flowing from SPD/ to the circuit at its operation. The aim of present
paragraph 15 to investigate on the expected surge current, peak value and shape, by flashes to
the structure (source of damage S1) for the SPI)2 proper selection in order to assure electronic
apparatus operation,
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Figure 6.44. Considered basic arrangement: lightning strokes to LIPS near an electric circuit,

The analysed arrangement has been already shown in Fig. 6.35 and its simplhfication is
presented in Fig 6.44. Lightning current flowing on LPS down-conductors causes on the loop
formed by the circuit between 5P/ and SPD2 overvoltages for inductive coupling that
overlap the voltage across the SPD/ increasing the voltage which urges the apparatus.
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The discharge current /spp; flowing through SP/1)2 is the combination of the current /; induced
in the loop circuit and the current /, transmitted (feeding effect) in the circuit from SPD/
during its operation. The knowledge ol the amplitude and wavelorm of the current Jsppo 15
essential for the correct dimensioning of SPD2.

Fig. 6.44 represents a simple example of flash to a lightning protection system (LPS)
conductor near an electrical circuit loop, where: / — stroke current;  — distance belween
lightning current flowing in the electrical conductor and the induced circuit loop; / — loop
length: w — loop width: r — wire radius;  Z — earthing system conventional impedance: SPD/
— SPD bonding the phase conductor to the equipotential bonding bar (EBR). SPD2 - SPD at
the apparatus terminals,

The mvestigation 15 focused on the influence of’

# the induced circuit configuration (cross seclion of the loop wire, width and length of the
loop. distance of the loop from the inducing current)

* (he installed protection devices, namely switching and limiting SPD/,

on the parameters:

+ peak value and shape of induced voltages

e peak value and shape of induced currents

# charges associaled (o induced currents

* peak value and shape of currents fed from SPD/ to SPD2
= charges associated to fed currents

e peak value and shape of currents and values of charge due to combination of inductive and
feeding effects.

6.6.2, Induced voltage
In case of reported basic circuit the induced voltage U increases with:

|

front steepness of the inducing lightning current;

length of the circuit;

I

distance between the circuit and the down-conductor on which the inducing current flows:

I

distance between conductors forming the loop (phase and PE conductors);

and decreases with shielding of:
~ slructure;

— zones of the structure:

— intemal circuit.

The standard IEC 62305-4, clause A.4. provides the crileria for the evaluation of the
induced voltage ;.

The worst case of inductive coupling is where the intemmal circuit is wiring parallel to the
down-conductor, on which the inducing current flows. In such case, as first approximation, i is
assumed that the inducing electromagnetic field invests the entire loop practically at the same
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instant, and then propagation phenomena of the induced voltage {/; in the circuit are neglected
[11, 68].

——w=05m

w=01m ——w=0005m
10000

__E..-E'
100 J/ .—-"‘""f#

(kW)

bﬂ

m/ o

Q 20 40 60 1] 100
I{m)
Figure 6.45. Induced voltage U, as a function of loop length { for subsequent stroke; w = 0.5 m; w = 0,1 m;
w = (L0035 m.

The high values of the induced voltage U/; confirm the need to install the second SPD2 near
or at the terminals of the apparatus, as shown in Fig. 6.45.

6.6.3. Induced current
The current /; induced in the circuit depends. in amplitude and waveform. on the type of

installed SPD1.

In the case of SPD1 switching type (8G):
— peak value of the induced current does not depend on the waveform of the inducing current;
— wavelorm ol the induced current /; is the same ol the inducing current /.

— under the same conditions (peak value of inducing current, characteristics and location of
the loop). the induced charge ¢ is of one order of magnitude higher than for 7D/ limiting

tvpe.
In the case of SPD1 limiting type (MOV):
— time to peak value T of the induced current f; 1s similar to that of the inducing current [

— time to half value 75 of the induced current /; increases with the dimensions of the loop
(length /, width w), as shown in Fig. 6.46, 6.47 and 6.48,
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Figure 6.46. Time to hall valuwe 7% ol the nduced current in a loop with an SPD] limiting type
as a function of loop length /, for three carrent shapes; w=0005m. &= 1 m.
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Figure 647 Time to half value ¥ of the induced current in a loop with an SPO] limiting lype
a3 @ function of loop length /, for three current shapes, w=01 m:d=1m,
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Figure 6.45. Time to half value Ty of the induced cwrent in a loop with an SPL limiting type as a function of
loap length [, for three current shapes; w=5m; d= 1 m,

It is to note that the waveform of the induced current is different (longer) than the standard
shape 8/20 ps suggested by standard 1EC 62305-1 due to inductive coupling of lightning
flashes to the structure (source of damage S 1- induced current).

Regardless of the type of SPD I (varistor or spark gap):

— induced current /; slowly increases with increasing of the cross section of loop wire:
— highest values of induced current f; are due to the subsequent strokes of negative flashes

(0,25/100 ps), as shown in Fig. 6.49;

— highest values of induced charge O; are due to positive lightning stroke (10/350 ps). as
shown in Fig. 6.50 and Fig. 6.51 obtained for w = 0.5 m and w = 00,1 m respectively:

— charge O, associated to the induced current /; increases with the size of the loop (length and
width), as shown in Fig. 6.52 For large loops the ratio O, //; can be higher than the value

27 mC/KA relevant to the 8/20 ps standard current wave adopted for testing class 11 SPDs.
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Figure 6.49. Ratio between induced current J; and inducing current fas a function of loop length [ with an S0
limiting type, for three current shapes; w=05m, d = | m.
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Frgure 6.50. Rato between induced charge O and inducing current J 1 case of loop with an SPDT limiting type
as a function of loop length {, for three current shapes; w=03m,d =1 m,
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Figure 6,51, Ratio between induced charge ¢, and inducing current / in case of loop with an SPD ) limiting type
as a function of loop length [, for three current shapes; w=0,1 m, d= 1 m.
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Figure 6.52. Ratio between indueed charge &) and induced current f; in case of loop with an SPD limiting type as
o function of loop length { for positive stroke; w=01 mand w=05m:d= 1 m.
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6.6.4. Voltage drop AV on SPD connecting leads due to induced current
The computed results, summarized in Tab. 6.8 and Tab. 6.9, show that the voltage drop AV
on SPD2 connecting leads:
— increases with the width w of the loop and weakly with the length / of the circuit:
— does not depend on the tvpe of SPDI (SG or MOV,
— is higher for the subsequent strokes of negative lightning flashes (waveform 0.25/100 ps).

Table 6.8, Currents on SP0D2 and veltage drop Al on its connection leads for circuit with PF and phase
conductors on different routing (w = 0.5 m),

SPi s5G MOV
Effect et Voltage Current Voltage
drop drop
I
: 1,6 - 1.6 -
(kA)
: AV
Induction i =
(KV/m) 10,5 10,5
1T iz &
0540 | 0,35/0,5 | 0,540 | 03505
(us)
Lighting current: 300 kA, 0.25/100 ps
Line lenght : 1000 m
Cireuit lenght : 30 m

Table 6.9, Currents on SPO2 and vellage drop Al on its connection leads for circuit with PE and phase
conductors on the same cable (w = 0,003 m).

SPD1 SG MOV
Voltage . Voltage
Effect Current drop Current drup
A 57 = 52 -
(kA)
. AV -
Induction s ] = 7]
(kV/m) 4 425
Wl | pan | o203 | o3sn | 0203
(ps)
Lighting current: 30 KA, 0.25/100 ps
Line length : 1000 m
Cireuit length : 30 m
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6.6.5. Feeding effect: transmitted current

The current /; fed in the circuit depends, in amplitude and waveform, on the type of installed
SPDI as shown in Tab. 6.10 and in Tab. 6,11,

Table 6.10. Currents en 5P02 and voltage drop AV on ils connection leads for eireuit with P and phase
conductors in different routing (w=0,5m},

SPDI SG MOV
Effect Current \"::‘n:c Current \"::-:]nljge
1
0,12 - 153 -
{kA)
Al
Feedin - 2 ,..
&1 (kvim) - g
Wy | b030,05 | 003005 | 140000 | 0370
(ps)
Lighting current: 30 kA, 0,25/100 ps
Line length ; 1000 m
Circuit length : 30 m

Table 6.11. Currents on SP2 and voltage drop AV on its connection leads for circuit with PF and phase
conductors i the same cable (w = 0,005 m),

SPD1 S5G MOV
Effect D Voltage Ciitent Vaoltage
drop drop
I 0,12 -- 153 --
(kA)
. AV
Feedin - 2 -
g (KV/m) 12 4
T 00310,05 | 0,030,05 | 1400400 | 0,370
(us)
Lighting current: 30 KA, 0.25/100 ps
Line length : 1000 m
Cireuit length : 30 m

In the case of SPDI switching type (8G) the values of current /, and of associated charge
O
— decrease with increasing of the circuit length /;
— practically do not depend on the length L of the supply line and on the lightning current
amplitude /.
In the case of SPD1 limiting type (MOV) the current /; and the charge O
— decrease with increasing of the circut length /.
— increase with the length L of the supply line;

— increase with the lightning current amplitude /.
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— assume the highest values for positive strokes (10/350 ps).

For an SPDI properly dimensioned for the current value expected at the point of
installation, values of O,/ /; and O, / / are shown in Fig. 6.53 and Fig. 6.54.

For an undersized SPI) ] values of O,/ I, and O, / I are given in Fig. 6.55 and Fig. 6.56.
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Figure 6.33. Ratio between charge ), and current /i for a cireuit with an SPOJ limiting tvpe (properly
dimensioned) as a function of its length 7 for two values of supply line length £ and positive stroke current.
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Figure 6.54. Ratio between charge O and ewrent [ for a circuil with an SPDJ limiting tvpe (properly
dimensioned) as a lunction of its length { for two values of supply line length L and positive stroke current.
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Figure 6.55, Ratio between charge O and eurrent J, for a cireuit with an SPD limiting tvpe (undersized) as o
funetion of its length { for two values of supply line length £ and positive stroke current,
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Figure 6,36, Ratio between charge (. and the current f for a circuit with an 8P limiting tvpe (undersized) as a
function of its length { and for two values of supply line length L and positive stroke current.
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6.6.6. Induction and feeding effects composition: current on SPD and voltage drop AV

on its connection lead

Values of current flowing through SPD2 and of voltage drop on its connection leads are
reported in Tab. 6.12 and Tab. 6.13. respectively for circuits with PE and phase conductors on

different routing and for circwits with PE and phase conductors on the same cable,

Table 6.12. Currents on SP02 and voltage drop AV on its connection leads for ¢ircwt with PE and phase

conductors in different routing (w=10,5m}),

SPh S5G MOV
Effect Current v:"nﬂ Current Valtage
rop drop
1
i 1.6 = 1.6 =
(KA)
AV - ,
Induction = e
0} (kV/m) 10,5 10,5
LT : iy & 2 i i &
0.5/40 00,3505 05040 | 035105
(us)
I 0,12 = 153 =
(kA)
. AV
Feedin = =
HH (kV/m) 12 4
Tl | 603005 | 0,030,05 | 140100 | 03770
(ns)
Lighting current: 30 KA, 0,25/100 ps; Line length © 1000 m;,
Cireunt length : 50 m

Table 6.13. Cuments on SP02 and voltage drop AV on its connection leads for circuit with FF and phase

conductiors in the same cable (w = 0,005 m),

SPD SG MOV
Effect Current Voltage Current Voltage
drop drop
1y ; =
57 - 52 -
(kA)
. AV -
Induction = ( =
(kV/m) 470 425
Iy 0412 0.2/03 | 0351 | 0,203
(ns)
I
012 - 153 i
(kA)
. AF
Fecd = 7 e
CeOE | kvim) 12 !
13Ty 0,03/0,05 | 0,03/0,05 | 140400 | 0,370
(us)
Lighting current: 30 kA, 0,25/100 ps; Line length : 1000 m;
Circuit length : 50 m
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From the analvsis of values summarnized in Tab. 6.12 and Tab. 6.13 the following comments
arise,

If an SPDI switching type is installed:

— feeding current /; is negligible in front of the induced current /; in the circuit, even in small
loop area (circuil with conductors in the same cable). Therefore the induced current /; can
be assumed as the /sppz flowing through SPD2;

— for voltage drop on connection leads of SPD2. the same conclusion apply as for current
flowing through SPD2.

20

15 .

" il
g 4
18]
E
w1 #,./
: &

< //

05 / »

r i
00
0 20 40 60 80 100

f{m)

Figure 6.57. Ratio between charge (Jeppy and the current [ in case of loop with an SPD/ switching tvpe as a
function of loop length / for positive stroke; = 1 mand w =03 m.
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Figure 6.58. Ratio between charge Ogppe and eurrent fsep; 0o ease of loop with an SPOJ swilching type as a
funetion of loop length { for positive stroke; = 1 m and w = (1,5 m.
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As far as the total charge Ospp; associated to the current flowing through SPD2, such charge
is the sum of the ¢; and O, charges. The worst case is relevant to the [irst lighining stroke
(10/350 ps) and to the largest circuit loop, as shown in Fig. 6.57 and Fig. 6.58. Charge due to
feeding elTect is of minor importance in front of the induced one.

If an SPD1 limiting type is installed:

— feeding current /; is negligible in front of the induced current f; in the circuit, only for large
loop area (circuit with PE and phase conductor on different routing) as reported in
Tab. 6.12;

— due to shifting in time between the currents due to induction and feeding effects will not
build up each other. Therefore the absolule maximum value of the two currents can be
assumed as fsppz Mlowing through SPD2;

~ for voltage drop on connection leads of 5702, the highest values are relevant to the induced
current even in small loop area (circuit with conductors in the same cable) as shown in Tab.
f.13.
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Figure 6.39. Ratio between the charge (e and indueing eurrent Jgpp in case of loop with an SPD T limiting type
as a function of loop length { for positive stroke; d = | m and w = 0,5 m.
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Figure 6.60. Ratio between the charge Ogpp and curmment [ oin ease of loop with an SPDJ limiting tvpe as a
function of loop length { for positive stroke; o = | m and w = 0.5 m.

As far as the total charge (spp: associated to the current flowing through SPD2. such charge
i5 the sum of the O; and Q, charges. The worst case is relevant to the first lightning stroke
(10/350 ps) and to the largest circuit loop, as shown in Fig. 6.59 and Fig. 6.60. Charge due to
feeding effect is of major importance in front of the charge due to induction effect.

6.6.7. SPD dimensioning

Selection of protection level [/;
For the SPD2 installed at secondary distribution board. the selection of protection level {/;;
should take into account;

a) the inductive voltage drop AV of the leads/connections of SPD2,

b) the effect of surge travelling along the protected circuit,

¢) the overvoltages /i induced by lightning current in the protected circuit formed by the
SPD2 and the apparatus 1o be protected.

Reference should be made to the subsequent strokes of negative flashes, which represent
the more severe case, as discussed in the preceding paragraphs (6.6.2-6) and in [107].

Following the IEC 62305-4 | 11]. if an effective protection level Uy is defined as the voltage
al the output of the SPD resulting from its protection level U/, and the voltage drop AV.
namely:

Uy=U,+AV  for limiting type SPD (6.65)
Upr=max ([, . AV)  for switching type SPD (6.66)

the following formulas may help in the selection of [/ according to the length [ of the
protected circuit:
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Upiz € Uy, for /=0m (6.67)
Upa < (U= LR/ (14 0,15y for 0</<10m (6.68)
Upp < (Us = Uj) /2 for />10m (6.69)

being U/, the rated impulse withstand voltage of the apparatus to be protected.

It should be noted that it 1s crucially important to reduce the high values of Al (see Tab.
6.12 and Tab. 6.13 ) and the induced voltage UJ; caused bv inductive coupling in the loop of
circuit between S/1)2 and apparatus. Possible suitable installation provisions are:

— reduction of the loop area by using circuit routing with PE and phase conductors in the same
cable, better if twisted;

— use of screened circuits or their laying in a closed metallic conduit;

— reduction of the length of SPD2 leads connection as much as possible.

In the absence of such provisions it is likely that a further SPD (SPD3) with Uz = Ul
should be installed just at apparatus terminals.

Once SPD3 s provided. the fulfillment of conditions a), b) and ¢) is no longer required for
SPD2: only the energy coordination between SPD/, SPD2 and SPD3 should be considered.

Selection of discharge current fsppo

As reported in | 107], the impulse current [y, of a class 1 test SPD and the nominal current [,
of a class I test SPD should be selected in such way that both the following conditions are
fulfilled:

a) the value of U/;; at the current [spp; expected at the point of SPD2 installation, does not
overcome the rated impulse withstand voltage level U/, of the apparatus to be protected:

b) the energy associated to the discharge current does not overcome the value tolerated by the
SPD2,
Therefore. if we consider that the charge Osppy for unit of current associated to the standard
current 10/350 ps 18 Qyyp = 0.5 C/KA and to the standard current 8/20 ps is O, = 0,027 C/KA,
the relations to be respected for SPD2 dimensioning are the following:

a) for SPD2 class | test

Limp 2 Ispp2 (6.70)

Qimp = Ospna or numerically fiy, = 2 Ogpro (6.71)
b) fTor SPD2 class 11 test

Iy = Isprn (6.72)

O > Ospz or numerically 1, > 37 QOsppa (6.73)

Il an 5P/ switching tyvpe is installed. values of fspp: and of Ospy: are reporied respectively
in Fig. 6.61 and in Fig. 6,62 In Fig. 6.61 the dominant contribution of inducing eflect to the
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Ispoz 1s shown: in Fig. 6.62 the contribution to total charge Qspp: of the feeding effect is of
minor importance in front of the induced one and may be considered as negligible,

Il an SPI himiting type is installed, values of fspp: and of Ospre are reported respectively
in Fig. 6,63 and in Fig. 6,64, In Fig. 6.63 the dominant contribution of feeding effect to the

Isppo 15 evident, while in Fig. 6.64 the total charge Osppz as result of feeding and inducing
effect due to positive stroke current is reported.

Feeding effect Induction effect
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Figure 6.61. Cumrent feppy due to induction and feeding effects in case of loop with an SPO switching type as
a function of loop length { for positive stroke current; w =03m; d =1 m,
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Figure 6.62. Charge (spns In case of loop with an SPOY switching type as a function of loop length [ for positive
stroke current; w =0,5m: d =1 m.
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Figure 6.63. Current lgpro due to induction and feeding effects in case of loop with an 8P limiting type as
a function of loop length { for positive stroke current; w =03 m;d= 1 m,
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Figure 6.64. Charge Ospr: n case of loop with an SPOJ limiting tvpe as a function of leop length { for positive
stroke curment; w =05 m; d= 1 m.

The values of impulse current /iy, of a class | test SPD and of the nominal current [, of a
class II test SPD to be assigned to SPD2, are summanzed in Tab. 6,14 where the required
values of /i, are marked in bold and the ones of /[, are marked in ifalic. In the same table the
current values suggested by 1EC 62305 standard for lightning protection level I (LPL 1) are
also reported. Note that the values of Tab. 6.14 are obtained in the worst case of induced loop
circuit running entirely parallel to the down conductor, as shown in Fig. 6,35
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Table 6.14. Minimum values of discharge current to be assigned to SPO2 for LPL | according 1o SPDY type
range of circuit length 10m + 100m

: ; IEC

Calculated values 62305
SPDT tv fgp= =
vpe Ispny Ospm A ;’ 370 1y
= Ulspna srnd

kA C KA
(kA) (€) (kA) (kA) xAa)

Switching 1.6 0,02:0.2 0,04-0.4 0.8+8,14 20

Limiting 1 28+12 56524 103+44 20

The results shown in Tab. 6,14, confirm that the values proposed by IEC 62305 for SPD2

tested with [/, are on safety side only if an SPD/J switching type is installed; where SPD/ is of
limiting type an SPD2 tested with [, should be used.

6.6.8. Conclusions relevant to the downstream SPD

From the analysis herewith performed the following conclusions may be drawn:
induction effect is the decisive factor in determining the current /spp: flowing through
SPD2 and the voltage drop AV on its connection leads:
— in all cases, if SPD/ is of switching tvpe:
— only for large loop area (circuit with PE and phase conductor on different routing). if
SPD1 is of limiting type:

highest values of total charge Ospp: flowing in SPD2 is due to positive lightning stroke
(10/350 ps) and to the largest circuit loop:

total charge Uspp: is the sum of the charges due to inducing and feeding effects. but charge
(), 15 of major importance in front of the induced one;

the high values of the induced voltage {/; confirm the need to install the downstream SPD2
near or at the terminals of the apparatus, even for circuits with PE and phase conduciors in
the same cable;

because the high values of voltage drop AF on connection leads of S7D2 in conjunction

with the high values of the induced voltage U; on circuit between SP/)2 and apparatus, it is

crucially important that suitable installation provisions should be adopted for such circuit.

such as:

— the reduction of the loop area by using circuit routing with PE and phase conductors
twisted in the same cable;

~ the use ol screened circuils or their laving in a closed metallic conduit;

— the reduction of the length of SPD2 connection leads as much as possible;

In the absence of such provisions it is likely that SPD2 is to be installed at apparatus

terminals:

the values of current proposed by 1EC 62305 for SPD2 class 11 tested with [, are on salety
side only 1l an SPD/ switching type is installed; where SPD/ 1s of limiting type an SPD2
class | tested with /i, should be used.
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6.7. Summary
The present chapter intends do give a criteria for protection measures selection, namely
SPD switching and limiting type, against lightning overvoltages.

It is particular important because nowadays structures are more and more equipped with
electrical and electronic apparatus sensitive to lightning surge influences. The operation of
these apparatus can be endangered due to flashes to the structure (S1), flashes to ground or to
grounded objects near the structure (82), flashes to the connecied lines (S3), Nashes nearbv
the connected lines (S4) [18].

The worst case consist of damage source S1, where failure of apparatus can be caused due
to resistive as well as inductive coupling of lightning current flowing to the earthing svstem.
This case is considered in present chapter.

The analvses are developed by several computer simulations adopting suitable computer
models validated by experimental tests in HV laboratory of Warsaw University of
Technology as well as in the HV laboratory of University of Rome La Sapienza. Examples of
experimental results are given.

The analyses are performed by means of commercial transient software EMTP-RV. where
models are developed according to the laboratory tests results. The special focus is dedicated
for the comparison of the laboratory and computed results (o ascertain models correction. The
results evaluation seem to be satisfactory and further analvses of apparatus protected by
means of SPD are developed.

For the investigation two typical cases, where SPD are installed as proleclive measures are
selected.

The first analysis include proper selection of SPD installed al the entrance point of
structure, namely upstream SPD. The methodology of analvses include: different behaviour of
the SPD containing spark gap (switching tvpe SPD). SPD containing metal oxide varistor
(limiting type SPD). location of the SPD within the structure: the shearing of lightning
currents within the structure to the earthing system and to the connected services. The results
of this part of work demonstrated that the installation of [urther. downstream SPD is needed.

The second analvsis include the selection of downstream SPD. This SPD have to be
coordinated with upstream SPD. The investigation is focused on the influence of the induced
circuit configuration, installed protection devices. namely switching and limiting tvpe as the
upstream SPD.

Finally, some simple rules for the selection of downstream and upstream SPD are
proposed. Comments and comparison with the requirements of the international standard IEC/
EN 62305-4 are presented.
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Chapter 7



7. Criteria for protection measures selection: experimental tests
and computer simulations for the isolation transformer

7.1. Introduction

Operations of electronic and electrical apparatus can be interrupted due to disturbances e.g.
coming [rom connecting lines. These occurrences can be caused due 1o lightning Mashes to the
structure (S1), fashes to ground or to grounded objects near the structure (52), flashes to the
lines (S3) and flashes nearby the lines (S4). To reduce apparatus probability failure and assure
their continuing service. isolating interfaces as a part of lightning protection system defined
by |11, 18, 17, 128] can be applied. The isolation transformer i1s an efTective device, which
can also assure additional benefits 118, 189-194|. The present chapler intends to give a
contribution to the criteria for protection measures installation as an isolation transformer
taking into account lightning threat.

The theoretical background of isolation transformers is already discussed in chapter 4,
where general classification as well as construction aspects are presented. Isolating interfaces
achieved by means of an i1solation transformer upstream of equipment 1s a powerful protection
measure 1o reduce damages due to overvoltages, but effectiveness of this protection depends
on the several factors. These factors include parameters of stressing source, namely
overvoltage steepness and peak value. electrical characteristic of apparatus to be protected.
Additionally an isolation transformer have to be coordinated with another part of lightning
protection svstem. e.g. SPD. Moreover installation conditions influence on common mode
transients. For the proper installation of insolation transformer the particular attention should
be paid on its shield grounding conditions.

In following paragraphs the tvpical installation aspects are presented and discussed.
Special focus is dedicated on the overvollages propagation through an isolation transformer
and on the influence of grounding shielding conditions. The attenuation of common mode
transient voltage is analysed.

The laboratory test set up and the results obtained on the investigated transformer are
presented. The experimental tests are performed in HV Laboratory of University of Rome La
Sapienza. For laboratory tests a commercial single-phase low voltage transformer with a
floating or grounded screen between the two windings is selected. The computer simulations
are performed bv means of commercial transient software EMTP-RV. The expenmental
results are discussed and compared with those obtained from computer simulations.

On the base of performed analysed adequate conclusions useful for a correct installation of
an isolation transformer are formulated.
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7.2. Characteristic of surge transfer by an isolation transformer

From the practical viewpoint when the peak value of transients is higher than the insulation
level of the primary winding of the transformer 1t is necessary to install protective devices as
suitable coordinated SPD (see chapter 6.).

Common mode transients from incoming line may occurs by resistive coupling. Basic
examples of arrangement with an isolation transformer are shown in Fig. 7.1. and Fig. 7.2.

The first case, where protective conductor (PE) of the equipment to be protected is not
bonded to the same equipotential bonding bar (£B#) as SPD is shown in Fig. 7.1.
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Figure 7.1, Common mode surge transter by resistive coupling.

In this case (Fig. 7.1) the discharge current [ of the SPD may cause at the secondary
winding of transformer a common mode voltage with amplitude 1/; equal to the total voltage
across the earth termination as follows:

U,=2.1 (7.1)
where:
{ - lightning current;
Z — conventional earth impedance.

The second case, where PI of the equipment is bonded to the same FRA as the SPD is
shown in Fig. 7.2.
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Figure 7.2, Common made surge transfer by resistive coupling.
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In the present situation (Fig 7.2) the voltage /5 is transferred to both the phase and PE
conductors so that common mode transient voltage coming from the connected line may be
neglected. However, it is to note that in the first case of Fig. 7.1, if the hghtning current
reaches the value /r = 10 kA, possible at the strike to the last pole on consumer side of the
multiconductor (three phase + neutral) line, and the earthing surge impedance Z = 5 €,
the voltage /> = 50 KV is transferred to the secondary winding and can cause failure either of
the transformer insulation or of the equipment to be protected.

Inductive coupling of source transfer through an isolation transformer mainly affect
differential mode transfer and 1s quite sporadic [1]. In present work this tvpe of source
transfer is not considered.

The transfer of common mode transient voltage through a transformer mav occur by
capacitive coupling due to the primarv winding capacitance 'y, the capacitance (')> between
windings, the capacitance (' to earth of the secondary winding and of connected circuits, as
shown in Fig. 7.3.

Figure 7.3. Common mode surge transfer by capacitive coupling; where: £ — conventional earth impedance;
EBB - equipoiential bonding bar, O — primary winding capacitance; [/, — voliage applied at primary winding;
'3 = capacitance between windings, Oy — secondary winding capacitance; L5 - voltage applied at secondary
winding.

The value of overvoltages coming to the apparatus can be calculated be means of following
equation:
f 1I 2

U,=—"2_.1,
R WEET

(7.2)

In the case of transformer with an earthed metal screen between windings (Fig. 7.4)
the capacitive coupling between these windings 1s almost zero so that the transfer of the surge
is vanished. The equivalent electric scheme corresponding to the problem is shown
in Fig. 7.4,
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Figure 7.4, Equivalent schemes of transformer with carthed sereen between windings.

The simplification of mentioned arrangement is shown in Fig. 7.5.

G B

Figure 7.5, Equivalent schemes of transformer with earthed screen between windings: simplified circuit.

"y = Cy + ("2 i5 the parallel of the ground capacitance 'y of the primary transformer
winding and its capacitance (3 to the screen.

("2 = (3 + ("7 15 the parallel of the ground capacitance C'; of the secondary transformer
winding and ils capacitance ("3 to the screen.

191



7.3. Laboratory tests of isolation transformers effectiveness

7.3.1. Introduction

The present paragraph intends to demonstrate the practical problems of installation of an
1solation transformer. These issues belong mainly to the screen grounding conditions, namely
length of connection between an isolation transformer and EBB. This connection consist of
two series conductor. The internal connection between screen and output transformer always
exist, but dominant influence on the protection effectiveness of isolation transformer is due to
external connection, which in practice can has a significant length.

The equivalent electrical scheme corresponding to the problem. where the external screen
connection is represented by an equivalent self-inductance L, is shown in Fig 7.6 and in
simplification in Fig. 7.7.

Figure 7.6, Equivalent schemes of transformer with earthed sereen between windings.
.- 3 i .

oy - cy
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Figure 7.7, Equivalent schemes of transformer with earthed screen between windings: simplified circuit.

In following paragraphs the influence ol screen grounding condition is analvsed.
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7.3.2, Determination of tests condition

For laboratory tests a commercial single-phase low voltage transformer with a floating or
grounded screen between the two windings 15 selected. Transformer manufacturing data are
following: 230/230 V., 1 KVA and 3% short circuit voltage. The laboratory tests sel-up is
shown in Fig. 7.8.

Figure 7.8, Photo of laboratory during tests.

The core is formed with two magnetic circuits tied together up side by side, The core is
connected to the tank. The two windings are coiled up around the central column of the core
in a concentric construction, in which the primary winding is extemal in respect to the
secondary winding. The second screen also works, 1l grounded, as a path for the short circuit
currents, when a fault occurs between the secondary winding and the core. The screens have
two independent sockets in the panel patch board. so thev can be kept grounded and
ungrounded (floating) individually.

The considered arrangement for the analvsis of the transferred transients through
the transformer for common mode of propagation is shown in Fig. 7.9. It consists of the
impulse voltage generator ((s) and the isolation transformer. The screen of transformer is
connected to the equipotential bonding bar (£8B). The primary winding of the transformer is
connected to the generator. The second winding of the transformer was connected to the
equipment to be protected represented bv means of high value of resistance in range of M)
The arrangement connections are performed by means of a single core wire with 2.5 mm’
conductor cross section. Vollages at primary transformer winding (point 4) and secondary
transformer winding (point B) are measured by a digital oscilloscope Yokogawa mod. 2022
with maximum samples rate 2 5GS/s, frequency characteristics 200 MHz and maximum
record length 62.5 Mpoints. Two reference points T at the transformer metallic tank and 0 at
the BB are selected. For each measurement point the peak values of phase-to-local earth
voltage (U/sr and Ugy). of phase-to-EBE voltage (U and U/;) are taken into account.
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Figure 7.9 Equivalent circuit of considered laboratory set up

For the generation of the voltage transients a recurrent impulse generator Haefely Type 48,
is used. This device has a possibility of generating a different forms of overvoltages. The peak
value as well as times 7 and 75 generated impulses can be obtained. Equivalent electric
circuit of surge generator is shown in Fig, 7,10,

o L

e _ C: R __ C: e

Figure 7.10. Equivalent electrie circuit of impulse vollage generator,

The overvoltage shapes selected with corresponding circuitl parameters of generator are
reported in Tab. 7.1.

Table 7.1. Settings of impulse generator.

Name | oveshape | b o) | @) | com | Gep | Lgm
T'yTy (ps)

WS-l | 025550 | 33 68 | 1000 | 0

ws2 | 12050 47 68 | 1000 | 100 0

WS-3 124500 47 6RO 1O ([XA] ]

The wave of tvpe W&-1 can reproduce a fast front overvoltages on an upstream line [137]
and impinging the transformer. The wave shape WS-2 is the standard lightming shape.
The wave of type W5-3 can represent a long wave shape due 1o a swiiching operation
although the switching surges in low voltage networks are generally very similar to a fast
front wave shape [137].
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7.3.3. Computer simulation of isolation transformer: models development

The proper representation and simulation transformers in high frequency conditions is an
object of many complex studies [124, 195-199]. Generally in transient conditions
transformers features are reduced to the filtration behavior. Moreover in case of an isolated
transformer the proper representation of shield is needed.

In present analvses the isolation transformer is represented by simplified circuit shown in
Fig. 7.11. The circuit model based on the experimental data, where Rl = 250 MQ,
Cl"=05nF, C2° =05 nF, C3 =005 nF, Lo = variable, 82 = 100 ML Z = 10 0 [190].
However 1t 1s importani 1o mention that simulation resulis, mainly voltage at secondary
winding [/, are strongly influenced by method of impulse vollage representation as well as
connection leads. For the analvses the impulse voltage generator is reconstructed according to
equivalent scheme shown in Fig. 7.10, The methodology of connection leads representation is
already discussed in chapter 6.

R
c1 g C2
- -
-—
A N A
4 - C3
G Lh J Lo U R2
|EBB
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Figure 7.11. Simplitied model of isolation transformer.

7.3.4. Tests resulis

For the tests reported in this chapter. the two transformer screens were connected together,
The measurements were performed for the screen connected to the transformer tank (7)
grounded to EBE by cable of different length. Al the same EBRE the PE conductor of the
equipment to be protected is connected. In a real case in which. even if the screen is directly
connected to the transformer metallic tank in point 7" (Fig. 7.7), this point is then bonded to
BB, where also the protective conductor (£F) of the internal installation is bonded, even
with a cable of several metres length. If the value of the self-inductance I, is high enough,
the effect of the screen in the surge transfer is very limited and may be even vanished, The
analyses results are summarised and reported in Tab. 7.2.
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Table 7.2, Ratio [, 7 U} of vollages obtained in selected points and diflferent eonditions.

U, Uy 7o
5T L
AT AO BT BO Lyo (pH)| [(m)
Ws-1
% x x = + oo 0,93
X X X 1463 150 0,82
X X X 3 5 027
b X X 2,1 2 o017
Ws-2
x X X - + o 0,92
b X - - + o 0,90
X i - - + 0,74
X X X 1463 150 0,48
x X X 5 5 0,05
by * b 2.1 2 03
W8-3
x % R = + o 0,91
X X X 1463 150 0,06
% X X 3 5 0,015
X X % 2.1 2 0012
Mote:
L7y —vollage impinging the primary winding
[/ = voliage transferred to the secondary winding

From the results summarized in Tab. 7.2 it can be demonstrated that:

- the strong attenuation of the surge transferred through the translormer, il the screens are
grounded to EBB with a very short cable length of 10 cm (equivalent inductance assumed
equal to (0.1 pH): such attenuation ranges from 5% for the short [ront shape tvpe W5-/ to
about 1% for shape type W5-2 and to 0.5% for the long front shape tvpe W5-3:

- the attenuation of transferred surge is clearly reduced, if the length of connecting cable 1o
EBR is of the order ol some meters: for a cable length of a few meters (between 2 and 5 m)
the attenuation is of the order of 15% for the wave tvpe WS-/, of 2.5% for the wave type W5-
2 and of 0.5% for the wave type W§-3;

- the attenuation of transferred surge is further reduced. if’ the length of connecting cable to
BB is of the order of hundred meters: the attenuation is of the order of 75% for the short
front wave type WS-/, of 40% for W5-2 shape and of 5% for the long front voltage shape
Type WS-3. it means that if the stressing vollage shape exhibits a long front duration, the
length of the connecting lead to ground has almos! no influence;
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- almost 90% of the impinging voltage is transferred to the transformer secondary, and then to
the load, if the screens are ungrounded.

In Fig. 7.12 to 7.23 the phase to ground (EBB point) voltage wave shapes recorded at
primary winding ({/; — CHI) and secondary winding ({/: — CH2) are reported. The screens are
grounded with different cable length or ungrounded. The shape of stressing voltage is of tvpe
Ws-1, W5-2 and W5-3. The transformer is unloaded at the receiving end.

The results of tvpe W5-/ stressing voliage are compared with computed oscillograms and
reported in Fig 7.12 to 7.15. This group of tests consists of four cases. The first three results
are obtained in case where the isolation screen is grounded to earthing arrangement by means
of three different cable length /. namelv -2, =5 and ~150 m. The case with ungrounded screen
is also considered.
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Figure 7.12. Records in the case of screen grounded through inductance L, = 2,1 pll, at WS-! tyvpe surge
operation; a) experimental result; b) computer simulation
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Figure 7.13. Records in the case of screen grounded through inductance [, = 3 pH, at WS-/ tvpe surge

operation; a) experimental result; b) computer simulation.
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Figure 7.14. Records in the case of screen grounded through inductance L, = 146,3 pH, at FS-1 npe surge

operation; a) experimental result; b) computer simulation,
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Figure 7.15. Records in the case of ungrounded sereen, ot WS- type surge operation: a) experimental result; b)
computer simulation.

In case of WS-/ type surge operation and screen grounded through 2 m cable, it is to note
that the voltage appears at secondary winding [/ is less than 50 V and this value is increased
with cable length. The registered values U/ are as lollows 50 V, 150 V for 5 m 150 m cable
grounding length respectively. The worst case consist of the situation where ungrounded
screen is considered. Moreover, the laboratory test and computer simulation results are
compared. This comparison shows a good agreement between results, however small tolerable
differences of shape and peak value exists.

The results of tvpe WS-2 stressing voltage are reported only for laboratory tests. In this
case similar configurations of grounding screen conditions are considered.
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Figure 7.16. Records in the case of screen grounded through inductance L, = 2,1 pH, at F58-2 type surge
operation; experimental result.
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Figure 7.17. Records in the case of sereen grounded through inductance Ly, = 5 pH, at WS-2 type surge
operation; experimental resull.
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Figure 7.18. Records in the case of screen grounded through inductance Ly, = 1463 pH, at IF5-2 twpe surge
operation; experimental result.
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Figure 7.19, Records in the case of ungroumded screen, at I1S-2 type surge operation; experimental resull,

The results with WS-2 tyvpe surge. show that reduced efficiency of circuits separation
appears when the screen is grounded through extremely long connection or ungrounded due to
connection damage. The normal installation conditions seem to be not influenced on the
protection effectiveness.

The results of tvpe WS5-3 stressing voltage are reported only for laboratory tests. In this
case similar configurations of grounding screen conditions are considered,
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Figure 7.20. Records in the case of screen grounded through induetance Ly, = 2,1 pH, at WS-3 type surge
operation; experimental resull,

Figure 7.21. Records in the case of sereen grounded through inductance L, = 5 pH, at FS8-3 type surge
operation; experimental result.
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Figure 7.22. Records in the case of screen grounded through inductance £, = 146,3 pH, at 5-3 type surge
operation; experimental result.
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Figure 7.23. Records in the case of ungrounded sereen, at [175-3 type surge operation; experimental result.

The results with WS-3 type surge, show that reduced efliciency of circuils separation
appears where the screen is ungrounded, e g. due to connection damage.

In Fig. 7.24 the summary of results is reported. The ratio {/2/ U, is plotted as the function
of length of the connecling cable of the transformer screen to the equipotential bonding bar.
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Figure 7.24. Ratio £y £ as a function of length of the connecting cable of the transformer sereen o the
equipotential bonding bar,

The experimental results, confirmed by computer simulations shown that the isolation
transformer with screen earthed to the same bonding bar of the apparatus to be protected can
be used with aim to attenuate the common mode lightning surges.

The effectiveness of attenuation of the common mode surges by means of an isolation
transformer. depends on the characteristic of surge appear as well as on the installation
condition. The worst case consist of fast front sources. caused e.g. due to subsequent negative
lightning flashes. Moreover, the protective effect mav be seriously reduced, if the installation
of the transformer 1s not carefully considered. The effectiveness of protection decreases with
the connecting cable of the transformer screen to the bonding bar increase.
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74. Summary

In the present chapter selected criteria for the electronic and electrical apparatus protection
by means of an isolation transformer are presented. For the investigations reported the fast
front source are considered. Moreover, special focus is dedicated on the mechanism of
common mode surge transfer through an isolation transformer winding.

In case of fast front source e.g. lightning origin, the affecting source of primary winding is
mainly transferred on the secondary winding of transformer due to capacitive coupling. This
effect can be reduced bv means of a screen between windings. In case of isolation
transformers their effectiveness. not only depend on the manufacture charactenstic. namely
screen features, but also on the installation conditions.

The installation conditions include first of all grounding aspects. where the connection
between a screen and earthing arrangement has a crucial influence on an isolation transformer
effectiveness. In present investigation four length are considered, namely 2 m. 5 m, 150 m and
finally damaged connection represented by means of high value of resistance.

The laboratory tests as well as computer simulation confirm that. the grounding condition
of screen has an impact on protection effectiveness. This factor is also depends on the
steepness of stressing source. The worst cases are for fast front sources with a front time e.g.
0,25 ps. In case of long front sources with a front time e.g. 12 ps the reduced effectiveness of
screen appears if the connection between screen and grounding arrangement is damaged.

The laboratorv tests and computer simulation results comparison is demonstrated. On the
base of comparison performed for WS5-1. it is to note that a good agreement is obtained,
however some small tolerable difTerence exist.

For practical installation issues of isolation transformers, it is strongly recommended to
reduce the length of connection between the screen and earthing arrangement. Moreover,
the primary winding of isolation transformer should be protected by means of e.g. SPD.
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Chapter 8



8. Case study: selected aspects of lightning protection for
photovoltaic power generation systems

8.1. Introduction

Photovoltaic power generation systems (PVPGS) can be divided into two categories taking
into account maximal output of power generated. The first category consists of domestic
photovoltaic arrays. where the power generation range is 0.5 + 5 KW. The second group
consists of commercial or industrial photovoltaic power generation svstems, where the power
generation range is 10 + 100 KW.

The domestic systems are normally single phase connected to the domestic supply at 230V,
The photovoltaic arravs are usually fixed over an existing pitched roof or integrated into a
new roof, or may be fitted on a suitable wall or free-standing structure. The modules are wired
to produce an appropriate vollage and connected to a DC/AC inverter synchronised with the
anid.

PVPGS mounted on commercial, industrial or other large buildings will generally be
connected to the three phase supply in the building.

Moreover, PYPGS can be further subdivided into two categories, where criterion of
division 1s based on the operational time of power generation. The first group consists of
svstems called grid connected. A schematic representation of these systems is shown in
Fig. 8.1. These configurations in simplification include solar modules, inverter and
monitoring system,

Figure 8.1. Schematic representation of grid connected PVPGS,

The second group consists of svstems called standalone. A schematic representation is
shown in Fig. 8.2, Solar power svstem consists essentially of four components: photovoltaic
modules, solar power controller. inverter, batteries and other accessories. The system uses
solar photovoltaic modules during the day transforming solar energy into electrical energy,
which through the solar controller, 1s stored in batteries to provide power.

| Dntl:nﬁm

Figure 8.2. Schematic representation of standalone PVPGS,

PVGS, due to their external locations on roofs or facades of buildings and as free-standing
installations in open extended areas. are vulnerable to both direct and indirect lightning
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flashes. The problem of lightning protection of PVGS is object of many researches [200-207].
For practical issues of lightning protection the IEC 62305 standard |11, 17, 18, 128], can be
applied. However to assure PV GS operations and protect against lightning interlerences some
particularities have to be considered e g. risk assessment [208].

An example of industrial PVGS is shown in Fig. 83, This configuration includes
photovoltaic panels installed in open area and the control centre within structure. The PVGS
is connected to the local LV network. The operation of this svstem can be interrupied due to
direct flashes to the photovoltaic panels (S1-a), control centre (S1-b) and connected LV lines
(53-a, S3-b). Moreover, indirect influence of lightning current exists, where the system
operation can be disturbed due to nearby flashes to the photovoltaic panels (S2-a, S2-b)
structure (S2-a. S2-b) and connected LV lines (S4-a. S4-b).
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Figure 8.3. Sources of surges and potential LLPZs in a large photovoltaic installation [ 200].

In terms of lightning protection the characteristics of the structure to be protected are
crucial. An example of PVGS and its main components is shown in Fig. 8.4,

PV array field i
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aid Epd ydl BT LS|
e s s =
il e el T ER |
&
PE

Figure .4, Photovoltae power gencrating system and 1ts main components | 203].
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The elements of PVGS can be divided into three group: photovoltaic modules, inverter and
general PVGS equipment.

In general, the characteristics of PVGS apparatus. namely the surge withstand capability.
are defined in their product specification. If it is necessary, devices should be tested according
to their specific standards |209, 210].

Photovoltaic modules safetv qualilications are included in 211, 212|. The U/, of modules
according to |202] are reported in Tab. 8.1.

Table 8.1, U, of photovoltaic panels under impulsive stress 1,2/50 ps,

MNominal
voltage Uy (V)

(V)

1040 1500
150 2500
0 400
G G000
1000 8000

The {/,; of inverters and associated components according to [202] are reported in Tab. 8.2,
However the control and measurements apparatus can have different values of this parameter.

Table 8.2, U7, of mnverter and associated components under impulsive stress 1,2/50 ps,

Category
No m.il'n.::':r ;'ullagc I . . v
AC pe Rl
50 71 330 00 SO 1 5000
100 141 500 B00 1500 2500
150 213 K00 1500 2500 4000
300 424 1500 2500 40000 G000
GO0 #40 2500 4000 GO0 OO0
1 1414 A0 G000 |000 [ 200300

The schematic representation of possible lightning protection measures for PVGS, in
accordance with [11] is shown in Fig. 8.5.
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Figure 8.3. Classification ol lightning and surge proleclion measures,
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8.2. Risk assessment

8.2.1. Introduction
For the PVGS to be protected. the lightning protection system can be selected taking into
account the lightning nsk analvsis and its assessment.

The assessment of risk of loss of human life gives values which usually are under the
tolerable level 10™° and so the PVPGS did not need any protection measure. On the contrary
the values of risk ol economic loss are not negligible at all,

The analysis of the risk components of present paragraph outlined that the hazard is due
mainly to the effect of nearby flashes and that the nisk of failure is greater in the DC side of
the system. Taking into consideration the high value (about 20% of the whole installation) of
the economic loss expected [208. 213]. it is mandatory to adopt some protection measures,
otherwise the time of return of the investment increases too much.

In present paragraph. two examples of nisk evaluation according to the IEC standard [17]
are presented. The first case consists of a roofl top PVPGS. with a photovoltaic array field
(structure to be protected) which is 45 m wide. 60 m long and 15 m high from ground level
(including the metallic frame of the PV modules). The second case consists of a ground based
PVPGS. with a photovoltaic array field which 1s 45m wide, 60m long and 1.5m high.

Each PVPGS considered is about 250 KkWp and the distribution svstem, according 1o 1EC
60364 [214]. is IT on the DC side and TN on the AC side.

The structures are assumed as being isolated, as well as having no LPS system and no
coordinated SPD set.

For the rool 1op PV system, the collection area of the structure is equivalent (o the
collection area of the building that is housing the PV array field.

The DC/AC power inverter and the transformer are located inside the building that is
housing the photovoltaic system in case of the roof top mounted system or, in case of the
ground mounted svstem, inside a dedicated technical cabinet (the cabinet is inside the PV
array field. so that no contribution to the collection areas is added).

The system is connected to the electric grid with an HV shielded (R, < 1 Qkm, [/, = 6 kV)
and buried (o = 500 ©2m) power cable of 1000 m length, in a rural environmental (as defined
in the IEC 62305-2 [ 17]) where there are no adjacent structures,

In Tab. 8.3 and Tab. 8.4 are summarized the data and characteristics of the structures and
of their internal svstems,

It is assumed that the structures. of an industrial kind, are in a rural place and fenced, so
that people stays nearby for a very short time. Nevertheless, in the next paragraph two
conservative choices are done about the permanence of people in the zones of interest.

Moreover, the probability of failure of intemal systems due to (lashes near the incoming
line, P11, has a different value if compared to that in table B.9 in the IEC 62305-2 [17]. The
line location factor is substituted with line installation factor and new parameters (Crp, Crp)
and new probabilities (Pry. Pep) are introduced [17].
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Table 8 3. Characteristics of the structures,

Parameter Comment Symbol Value
PV dimensions {m) rool top Lo= W=ty x45x15
PV dimensions (m) ground based Lox Wty Glxd5x1.5
location factor 1solated Cp |
shield at external structure i
bovnidary none Kg |
shield Hlt:l?:;,'ndia;‘mlm - Ke |
popeinesmcte | gmiaetob fxetin |, :
protection lenee Pra 0
measures no LPS Fy 1

Note: For more information about symbaols and values adopted refer to standard TEC 62305-2

Table 8.4, Internal power systems (DC and AC) and relevant incoming power line charactenstics,

Parameter Comment Symbol Value
soil resistivity Chm Fe) 500
length (m} m Ly 10060
HV/LY transformer al building entrance [ 02
line installation laetor isolated O 0.5
linge ervironmental factor rural g |
. Pip 0,02
shielded power line (bonded 1o
g ; the same bonding bar as the Py 0.1
line shield i
equipment) &< 1L/ km and Cio 1
e=0kY
Cu 0
internal wiring precaution unshielded cable, no routing
(DC and AC side ol precaution in order to avoid Kz I
system) loops
equipment withstand
voltage (starting from the
DC side to the main Ue=15kV Kz 0,67
cireuit of the LV/HY
transformer)
protection ugum_st touch T P 1
vollages
E Pag I
coondinated SPTs nane
li-"IZ'I.i 1

Note: For more information about svmbols and values adopted refer 1o standard [EC 62305-2




8.2.2. Risk assessment for the roof top PVPG

In Fig. 8.6 a typical domestic photovoltaic power generation system is shown, The
photovoltaic panels are imposed on the structure roof. The inverter and possible
accompanying apparatus are installed inside the structure.

Figure 8.6, Domestic photovollaie power generaling system 204,

The domestic photovoltaic power generating svstem in simple case can be represented by
electrical circuit given in Fig. 8.7. However, the complexity of the system can be different,
according to customers need. In all cases lightning protection issues should be considered
taking into account risk components what is discussed in present paragraph.

[~ A
sPD | ] N |sPD
b =| 'I
‘ _‘ 4L e
ﬁer
E88
- —
ki | ki
NETWORK F
' h—
wyae
GL
IE

Figure 8.7. Basic cirewt of domestic photovoltae power generaling sy stem.
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Risk of loss of human life (R;)

According to IEC 62305-2 it is possible to define two zones. In fact the external surface of
the building that is housing the PV array flield is different from the mtermal volume. There is a
single fire prool compartment and does not exists any spatial shield between the two zones:

Zy = oputside of the building that is housing the PV array field:
Z> = inside of the building that is housing the PV array field (where the internal systems are
located).

Table 8.5. £, zone — roof top mounted PVPG - nisk &,

Parameter Comment Symbol Value
_ , Grass around the building: ) 3
Soil stncues concrete on the roof top H 1
Fence around the building and
y o waming notice for avoiding 5
Shock protection itiainlerings on the roof top Py =)
during thunderstorms
Loss by electric shock Ly 107
Note: For more information about symbols and values adopted refer to standard [1EC 62305-2
Table 8.6, £; zone - rool top mounted PVPG - risk /7).
Parameter Comment Symbol Value
Floor surface concrele r Lo?
Risk of fire low risk of fire re 10
Hazard no special hazard h, 1
ane of the following provisions:
fire extinguishers; fxed and
manually operated extinguishing
Fire protection installations; manual alarm ro 0,5
installations; hydrants; fire proof
compartments; protected escape
routes
: {commected to the main
Tatesuial sytemns swilchbourd)
Loss by electric shock Ly 10
Loss by physical damage Le 2x107°
Probability of damage, No LPS provided P I
risk component Ry
Mo SPD set provided,
Probability of damage, | shuelded line (bonded to the same P 0.02
risk component J2; bonding bar as the equipment) Y T
R, <107 km: Uy = 6KV
Mo 8P set provided,
Probability of damage, | shielded line (bonded to the same P 0.02
risk component Ry bonding bar as the equipment) ¥ e
R.o= 162 km; U= 6KV
Note: For more information about symbaols and values adopted refer to standard [EC 62305-2
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According to the standard IEC 62305-2 |17] the components of the risk R, are expressed
by

Ri=Ri+Rp+Ru+Ry (8.1)

where (remember the choices n,/n=1 and r,/8760=1):

Ry = NpxP axrody (8.2)
Rp = NpxPrxrpxh,xrp<ly (8.3)
Ry = NuxPuxredy (8.4)
Ry = NuxPyrrpxhyzrpcly (8.5)

The calculations concemning the risk R, have to be repeated for each zone which the
structure was divided in. The overall risk is obtained by the sum of the risks of each zone
[17].

The probability P4 is negligible because of the fence and the fact that during thunderstorms
on the roof top it is forbidden any maintenance activity. The probability Py is equal to | since
the structure is not protected with a lightning protection svstem (LPS). The two probabilities
Py and Py are determined by the fact that an SPD set is not installed.

Considering a lightning ground flash density of
Ny=4 ﬂashﬂsf{}fealx}:mz} (8.6)

which is the maximum value in Italy. it is possible to obtain a number of dangerous events
due to Mashes to the structure (photovoltaic array field) equal to:

NDINEK(TDKADXIG*& (8.7)
Taking into account the value in Tab. 8 3. formula (8.6) and (8.7) give the following value:
Np=74x107 (8.8)

while M. the number of dangerous events due to flashes to the service (HV power line). is
equal to;

N = NpxCpxCpxCrxdp x 107 (8.9)
Taking into account the value in Tab. 8.3, formula (8.6) and (8.9) give the following value:
Ny = 1,6x107 (8.10)

Therefore using the values of Tab. 8.3-6 it is possible 1o obtain the following value for risk
R, for zone Z> (such risk does not includes &, that constitutes risk R, for zone Z,);

Ry =17.76x107 (8.11)
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Mote that risk R, for zone Z, is negligible, for the fence around the building and the fact
that during thunderstorms on the roof top it is forbidden anv maintenance activitv, Hence, the
overall risk R is reduced to the value for the xone Z; that 1s given by (8.11).

By considering a value for the tolerable risk equal to Ry = 107, as suggested by the
standard 1EC 62305-2 | 17]. because R, < Ry . it follows that it is not necessary any lightning
protection system [or such nisk.

It is important to observe that, taking into account the same conditions. if the building that
is housing the plant had an ordinary risk of fire (specific fire load between 800 MJ/m’ and
400 MJ/m?) instead of a low one (specific fire load less than 400 MJ/m’, or structures
containing a small amount of combustible materials). then the risk R, (equal to 7.47x10™) still
1s not greater than the tolerable value. If the risk of fire is high (specific fire load larger than
800 MJ/m?). then the risk R, (equal to 7.44x107) is greater than the tolerable risk: in such
case. the risk R; cannot be reduced below the tolerable value only by adopting additional fire
protection measures, like fixed automatically operated extinguishing installations (obtaining
Ry = 2.98x107). Instead. with the procedure described in the 1st edition, even an ordinary risk
of fire was enough to have a nisk greater than the tolerable value, but in such case the above
mentioned additional fire protection measures were enough to re-obtaining tolerable values.

Risk of economic loss (R;)
To evaluate risk Ry il is necessary to consider the following risk components: Rp. Re, R

Ry, Ry and Rz [17]. In Tab. 8.7 the amount of loss according to Annex C of the standard |17
is given. In Tab. 8.8 the values of the probabilities of damage according to Annex B of the
standard [17] are reported.

Table 8.7. 2y zone - rool top mounted PVPGS - nisk K.

Parameter Comment Symbol Value
Risk of fire low risk of fine rr 107
Special harard no special hazard h, |

one of the following provisions:
fire extinguishers: fixed
manually operated extinguishing
installations: manual alarm "n 0.3
installations; hydrants; fire proaf
compartments; protected escape

Fire protection

routes
Lioss by overvollages In 0,01
Lusss by physical damage L 0,5

Note: For more information about symbols and values adopted refer to standard [EC 62305-2

It is to note that if a SPD is not provided. the probability reducing failure of intemnal
svstems (flashes near a structure) () depends only on shielding, wiring and withstand
voltage of equipment and is calculated as the square of the product Ks»KgxKsixKsy.
The probabilities v and Pw and P; are evaluated according to the standard IEC 62305-2,
[17].
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The risk components for 24 are expressed by (all relating to the Z; zone):
Ry = RytRe+Rart Ry tRy+Ry
where:

Rp = NpxPprryxhxre<ly
Re = NpxPexloredo
Ry = Nayp=Papdloxedo

Ry = NyxPyxrpxhyxrpcdy
Ry = Ny xPwxloxaede

Rz = f'l'r] XFxJ'CLu‘-‘UJﬂ

Table 8.8, Z; rone — rool top mounted PYPGS - nsk Ry

(8.12)

(8.13)
(8.14)
(8.15)
(8.16)
(8.17)

(B.18)

ik i fw
NSK component My R<10km; U, =6 KV

Parameter Comment Symbol Value
Pl'l‘-:hc‘.-lbllll} of damage, No LPS P I
risk component Ry
Probatiuty of damage, No coordinated SPD set Pe I
risk component R
Probability of damage, B LR LR
risk component 2y KsixKaxKgxKe= 0,67 Pu Ut
i shielded hine (bonded o the same
Pr::l:‘:.r:::l: ”t:;:'}?y“ bonding bar as the equipment) Py 0,02
) po i R<160km: Uy = 6 kV
G o shielded line (bonded to the same
Probability of damage, bonding bar as the equipment) Pu 0,02

shielded line (bonded to the same
bonding bar as the equipment) Py

R,=1 km: U, =6 KV

Probability of damage,
risk component /2y

Note: For more information about svmbols and values adopted refer to standard [EC 62305-2

The number of events Ny (8.19) and NV (8.20) take into account flashes nearby respectively

the structure and the incoming service,
Nu= NSMMX 10

Ny = Npx CixCpx CrxApx 10

where:

A =8.90x10°

(8.19)

(8.20)

(8.21)
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and

Ay = 4.00x10° (8.22)
corresponding to

Ny =3.56 (8.23)
and

Ny = 1.60 (8.24)

By using the formulas given above, assuming the parameters in Tab. 8.7 and Tab. 8.8 and
the values given in (8.8) and (8.10) for the number of dangerous events due to fashes to the
structure (Np) and to the service (N ) one has, for the nisk components, the values in Tab 8.9,

Table 8.9. Risk component values and their percentages over total economie risk Ry,

Risk component £y Value (R R %
Ry 1.85x10° 0,36%
R 1 48<107 4. 44%
Ry 317107 94,98%
Ry K000 00,00%
Ry 6,40x107 0,02%
Ry 0 0%
Ry 3,33x107 100,00%

Considering that nsk R, 1s related to the total cost ¢, of the system to be protected through
the formula:

= oflo (8.25)

where:
¢p - annual loss. it is possible to see that the loss ¢ for the PYPGS can be obtained as:

L'|=R4 X Oy {ﬂ:ﬁ}

Therefore, without protection measures one has an increase of the annual cost of the plant
of about 0.3% of the cost of the PVPGS (for large plants this fact can increase consequently
the time for the return of the investment).

It is note that if a tolerable risk equal to Ry = 1x10™ according to the [EC standard 62305-2
[17] is assumed, protection measures are required due to high value of risk component Ry
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8.2.3. Risk assessment for the ground based PYPGS

The industrial or commercial photovoltaic power generation svstems generally are installed
on the earth through special brackets. An example of considered system 1s shown in Fig. 8.8,

Figure 8.8, Industrial photovoltaic power generating svstem [204]

The electrical equivalent circuit in simplification is shown in Fig. 8.9,
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Figure 8.9, Basic circuil of industrial photovoltaic power gencrating sy stem,

Due to the spatial location of these systems, the selection of adequate protection measures
is needed.
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Risk of loss of human life (R,)

The same considerations as those already done for the roofiop PVPGS, can be applied to a
ground based PVPGS. Indeed, because of the small collection area Ay (3,7 10° m” instead of
18.5%10" m” of the rooftop PVPGS) of a photovoltaic array field with a negligible height (that
brings the number of dangerous events to Ny=1.5+ 107 and Ny = 1.6>10°%) and due to the lack
of the fire risk of the building, the value of R, = 184107 and can be considered as negligible

in comparison with &, = 107,

Risk of economic loss (Ry)

The same considerations as the ones for the rooftop PVPGS also apply here. The values of
each rnisk component are slightly different in comparison with those of Tab. 8.9 and are

reported in Tab. 8.10,

Table 8.10. Risk component values and their percentages over total economic nisk .

Risk component Ry Value (R R )%

Ky 371=10" 0,12%

Re 2,97x10° 0,93%

Ry 3,17x10” 98,93%

Ry 8,00x10% 0,00%

Ry 6,40x10°7 0,02%

Ry 0 0%

Ry 3.20x107 100.00%
Note: assuming ¢,/ ¢ = 0.2 m case of damage of svstems due 1o
overvoltages and assuming the total loss of the strueture and 1is eontents
in case of fire
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8.3. Protection of control and measurement apparatus by means of SPD

8.3.1. Introduction

In Fig. 8.10. an example of domestic photovoltaic power generation system with
acquisition and control unit (ACU) is presented. In this situation. during lightning
occurrences. the control svstem can be especially endangered due to peculiar characteristics of
signal and data lines for regular operations of the system [ 144, 145].
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wagmal line i ] /" ﬂ
low valtage | | - _.}/
[ ] I D e —
Figure 810, Example of PVGS with acquisition and control unit, where: 1 - SPD Type 2 for PV application;

2 - SPD Type 2; SPD Type 1; 4 - combined SPD for low vollage power supply and signal line; 5 - SPD for
signal line; & — air termination system; 7 — down conductor; 8 — earth termination sy stem [9)).

The SPD function in real occurrence results in the initiation of travelling waves caused bv
lightning current. In analysed example the travelling waves are caused by an impulse voltage
generator. However in both cases the wave propagation model is applied. The voltage wave
mav be reflected and modified along the circuit towards the apparatus |154].

The paragraph deals with influence of lightning overvoltage shape on SPD characteristics
for ACU protection. For this aim several laboratory tests are performed in order to ascertain
this influence.

The laboratory setup is formed by an impulse voltage generator with peak value of 400 V
whose electrical parameters are selected in order to obtained different voltage shapes:
1.2/50 ps, 12/50 us. 0.25/50 ps. 12/500 us, 8/20 ps: typical limiting SPDs which can be
applied on data lines. with different protection levels: I/, = 40 V, [/, = 80 V, U/, = 100 V;
signalling wires of different length. ranging from 5 to 30 m. connecting SPD to apparatus to
be protected. characterized by high value of input resistance.

During investigations the voltages are measured at SPD and apparatus terminals to analyse
the influence of [ront steepness of incoming overvollage and of connecting leads lengths.
The considered basic arrangement is shown in Fig, 8.11.

219



Figure 8.11. Basic arrangement: (7 - impulse voltage generator; {7} — surge voliage: B85 - equipotential bonding
bar; £ — conventional ecarthing impedance: U, —vollage on the SPD terminals; o — lme length: I7 — overvollage
incoming through distant SPI; 1) —voltage on the terminals of apparatus o be protected.

8.3.2. Results of laboratory tests
Influence of connecting leads

Voltage surges incoming to the circuits are reduced through the SPD according to its
protection level. In real case within a structure the distance between an SPD and apparatus to
be protected can have a significant value. In this case, standard impulse wave form 1.2/50 us.
resistive load R (open circuit), SPD with level of protection U/, = 40 V and three line length
5 m. 15 mand 30 m are used.

Some results obtained by laboratory test are reported in Fig. 8.12, 813 and 8.14.

"

MuslC1] L.ER) L =i wmay

Figure 8.12. Oscillograms of voltage al apparatus o be protected: CHI voltage on the SPD terminals,
CH2 voltage on the load; impulse voltage wave shape 1,2/50 ps; Resistive load, R = 10" 2 line length J = 5 m.
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Figure 813 Oscillograms of voltage ot apparatus to be protected: CHI voltage on the SPD terminals,
CH2 voltage on the load; impulse vollage wave shape 1,2/50 ps; Resistive load, &= 10" €}, line length = 15 m.
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Figure 8.14. Oscillograms of voltage al apparatus to be protected: CHI voltage on the SPD terminals,
CH2 voliage on the load; impulse voltage wave shape 1,2/50 ps; Resistive load, B = 10"£2;, line length J = 30 m.

It can be noticed that the value of voltage on the terminals of apparatus to be protected
(CH2) is higher with respect to the voltage on the SPD terminals (CHI) in each case.
However the U/, doubled is not achieved. Undertaken tests allow to assess the differences
between value of voltage on SPD terminals and apparatus to be protected along the
considered distance. In Tab. 8.11 is reported, the voltage on the SPD terminals (/). the

voltage on the load (1), the increasing of the voltage (Al/) with distance ¢ and its increment
for unit length.
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Table 8.11. Measured value of voltages on the SPD terminals and at apparatus to be protected for R = 10° L2 load
condition and different line length o for stressing wave shape 1,250 ps,

dmy | v, | tiwv | avwm ?5;:: “iﬁjﬁf"’
5 108 | 554 | 146 | 29 36
15 | 414 | 628 | 214 | 14 5
30 | 397 | 647 | 25 0.8 63

Influence of cable type
Influence of cable type connecting SPD and load 15 also investigated and results for
difTerent cable velocity values are reported in Tab. 8,12,

Table 8.12. Caleulated values of voliage al apparatus to be proieeted for different cable propagation velocity
values, & = 10"} load condition and £/, =40V,

dim) | vimius) | (V) | AL(V) ﬁi‘;i;"'l*
A0 180 69,6 296 739
30 200 66,3 26,3 63,8
30 220 63,6 236 59,1
30 240 61,4 214 334
30 2600 3.5 19,5 48.7

The results presented in Tab. 8.12 are obtained at assumptions: the same value of stressing
overvoltage steepness. the same distance . the same SPD.

Influence of lightning overvoltage shape
The voltage on the SPD terminals depends on the current flowing in the branch according

to the SPD 17/ I characteristics. so that the measured value of I/, can be less than the nominal
values 40V.

In Tab. 8.13 the values of voltage measured on the SPD terminals (/) and on the load
terminals (/) are reported together with increment of voltage for unit of length of circuit for
different stressing wave shapes.

Table 8.13. Measured values of vollage on the SPD and apparatus (o be protected terminals for L, = 40 V,
R = 10" 2 load condition, connecting leads 30 m and different wave forms,

Wave shape L, L (Lh-U it d
TyT: (ps) V) vy {V/im)
01,25/50) 3090 79,5 1,32
1.2/50 39,7 64,7 .83
&/20 36,5 473 0,36
12/50 36,5 46 0,32
12/500 i6 45.6 0,32
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Influence of SPD protection level
The present part of work is dedicated to investigate the U, influence on the voltage

appearing on the apparatus terminals, For this aim, impulse voltage wave form 0,25/50 ps,
line length d = 30m, resistive load R (open circuit), SPDs with different level of protection
Up =40V, Uy =80V, U,= 100V are considered.

From the oscillograms (Fig. 8.15, 8.16 and 8.17) it can be observed that the level of
protection U/, has not a significant influence for the overvoltage shape appearing on the
terminals of apparatus.

1 O il

L] By =] nay

Figure 8.13. Oscillograms of voltage at apparatus 1o be protecied: CH1 veltage on the SPD terminals,
CH2 voltage on the load, impulse voltage wave shape 0.25/50 ps. Up = 40 V: resistive load, R = 10° 2,
line length o = 30 m.
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Figure 816, Oscillograms of voltage at apparsius to be protected: CHI voltage on the SPD terminals,
CH2 voltage on the load; impulse voltage wave shape (,25/30 ps; Up = 80 V; resistive load, &= 10" Q;
line length o = 30 m.

223



CSER T

L Y L] LR
Figure 8.17. Oscillograms of voltage al apparatus 1o be protected: CH1 voltage on the SPD terminals,

CH2 voltage on the load; impulse voltage wave shape 0,25/50 ps: Up = 100 ¥ resistive load, B = 10° €2,
ling length o = 30 m.

The summary of results of voltage peak values are reported in Tab. 8.14.

Table 8.14. Measured values of voliage on the SPD terminals and at apparatus to be protected for &= 10° 02 load
condition, connecting leads o = 30 m and voltage shape 0.25/50 ps

vy | v U AUT U,
W) | Lo | avew | A0
40 795 30.6 09
80 160 80 100
100 194 04 94

The SPDs used in tests create a new three range of voltage determined by [/,. However it is
possible to notice an effect of SPDs during the [ront of stressing overvoltage. This situation is
caused of the wave shape used in tests where the peak value of vollage is equal 400 V.
The results presented in Tab. 8.14 show that the steepness of stressing overvoltage in each
case has the same value and allow to obtain a value of voltage equal 2 I/, on the apparatus
terminals.

The analyses performed in this paragraph show that the analogies between low-voltage
power and signal systems lightning protection exist. Also in the case of signal systems, a
proper installation of SPDs has an impact on their effectiveness. The worst case in terms ol
protection consists of fast front source eg. due to subsequent negative ashes. where the
voltage may be doubled at load terminals in a dozen of meters due to oscillation phenomena.
Voltage increment depends on the sleepness of stressing overvoltage and on the
charactenstics of connecting leads.
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8.4. Influence of load conditions on apparatus protection by means of SPD

8.4.1. Introduction

The voltage surges incoming to the structure circuits through the SPD from external lines
are reduced but at the end of the circuit they may again significantly increase. The surge
increment along the circuit depends on the length of the circuit as shown in previous
paragraph and chapter 6. but the influence of the electrical parameters (R. L, () of the
apparatus to be protected 1s not well recognized [143].

The present paragraph deals with influence of apparatus to be protected on SPD selection.
This problem is particular important in case of differential mode of SPD application. In this
case the proper selection of protection level of SPD to be applied ({/,) depends not only on the
parameters of the SPD and phenomena appearing in the circuit between first SPD and the
apparatus to be protected (see chapter 6). but also on the transient characteristic ol apparatus

to be protected. In Fig. 8.18 simple example of industrial photovoltaic power generation
svstem is shown.
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Figure 8.18. Smmple example of industnal photovoltme power generation system and relevant control centre [90].

It is to note that within a control centre structure different apparatus can be placed. This
group of apparatus i a basic case consists of inverter and computer. However in real
situations, this group of apparatus is much more complex. An example is given in Fig. 8.19.
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Figure 8.19. Example of apparatus placed within a control centre of imdustrial photoveltaie power generation
system [0,
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Each apparatus has different transient characteristics, which can be expressed by
concentrated parameters like R, L. " or their combination,

The summary of computer simulations results are given in the following paragraph.

8.4.2. Results of computer simulations

The considered basic arrangement is shown in Fig. 8.20 and 1t is simulated by means of
EMTP-RV. For the investigation the impulse current wave shape 0,25/100 ps is taken into
account. Five types of load are simulated, namely: resistive (), inductive (L), capacitive (C)
and combined (R() and (RLC). The distance between SPD and apparatus to be protected is
assumed ¢ = 10 m,
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Figure 8 20. Schematie representation of basic analysed arrangement,

On the base of simulations it is stated that in the case of every apparatus there are such
circuil parameters (distance o and K, L, C values) at which the stressing voltages may oscillate
around the values of SPD residual voltage.

Some results obtained are reported in Fig. 8.21 for R load, in Fig. 8.22 for L load,
in Fig. 8.23 for C load, in Fig. 8.24 for #-C load and in Fig. 8.25 for R-L-C load.
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Figure 821, Oscillograms of voltage on the SPD terminals and apparatus to be protected for different R load
conditions for impulse current wave shape 0,25/100 ps and o = 10 m.
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Figure 822 Oseillograms of voltage on the SPD terminals and apparatus to be protected for differem L load
conditions for impulse current wave shape 0,25/100 ps and o = 10 m.

227



o) —f.'=1:c-.=1n nF ——C=100nF —),
\\\\ T;Y\ [\ //
\RVAR NS
AT
WINWIVEW,
V V)Y

20
0,0 05 1.0 15 20
t (ps)

y

.-l-"'"'"
-

1 (kW)

Figure 8.23. Oscillograms of voltage on the SPD terminals and apparatus 1o be protected for different O load
conditions for impulse current wave shape 0,25/ 100 ps and = 10 m.
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Figure 8.24, Oscillograms of voliage on the SPD terminals and apparatus to be protected for different K- load
conditions for impulse current wave shape 0.25/100 ps and o = 10 m.
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Figure 8.25. Oscillograms of voltage on the SPD terminals and appamatus to be protected for different R-L-C load
conditions for impulse current wave shape 0,25/100 ps and o = 10 m.

The results show that in the case of inductive load the surge is immediatelv doubled and
then decreases exponentially to zero. Small parallel resistance mayv limit the possibility of
surge doubling on the inductance. In the case of capacitive load the surge 1s lowered 1o zero
and then it increases exponentially to doubled value. Small parallel resistance may limit
significantly the resulting voltage value. In the case of load combined by series inductance
and parallel capacitance the surge on such load 1s oscillating around the double value and at
very high frequency may reach quatermary value. Small parallel resistance may significantly
reduce these values.
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8.5. Influence of parallel consumers on SPD protection features

8.5.1. Introduction

In real cases the electrical installation of PVGS can have a complex form. The number of
internal circuit as well as external customers can be diversified. An example of PVGS
installation is shown in Fig. 8.26.

In present paragraph the influence of parallel consumers on SPD protection features is
analvsed. For this aim a simple equation (8.27) 1s used.

k=", (8.27)

where:

k — reduction factor:

U/;— voltage on the terminals of apparatus to be protected.

U0y — voltage on the terminals of apparatus to be protected. without any external circuil.
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Figure 8.26. Example of PYGS nstallation.

8.5.2. Results of computer simulations

For the investigation two circuil configurations are analvsed as shown in Fig. 8.27 and in
Fig. .30, In both cases the source of damage 53 is taken into account.
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Figure 8.27. Basic configuration of analysed arrangement,

In Fig. 8.28 the summary of analyvses for the first case schemaltic represented in Fig. 8.27,
without an SPD installed in a main node i1s shown. The presented results are obtained for
length of external line L; = =, striking point distance to the entry point £; = 50 m, distance
between SPD and apparatus to be protected d. = 50 m and two lengths of connected external
parallel consumers, namely d., = 50 m and d.., = 500 m.
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Figure 8.28. Reduction factor & for a case without SPD in the main node, as a function of number of external
connected circuits: d., = 30 m and o, = 500 m,

On the base of results presented in Fig. 8.28, it is to observe that in this case without any
protection applied in the main point, the number as well as the length of external circuils has
an influence on the overvoltage reduction factor.
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The results of similar case (Fig. 8.27), but with SPD installed in the main node are

presented in Fig. 8.29,
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Figure 8.29. Reduction factor & for a case with SPD installed in the man node, as a function of number of

extemnal connected cirewmts: o, = 30 m and o = 300 m.

The results shown in Fig. 8.514, demonstrated that, the number as well as the length of
external connected circuits is no significant influence on reduction factor £, Moreover further
analyses shown that the striking point of lightning flash (e.g. Z; = 1000 m) is quite no

influence on obtained results.

In Fig. 830 basic complex configuration ol analvsed arrangement formed bv N consumers
connected in different points is shown. For the investigations and calculations of factor &, the
case without SPD installed in the main node and following parameters are assumed: /4 = o=,

L3=50m, L= 1000 m, L; = 1000 m, d. = 500 m, d., = 500 m,
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Figure 8,30, Basic complex configuration of analysed arrangement.

232



Obtained results are summarized in Tab 8.15 and for the basic case are shown in Fig, 8.31.

Table %.15. Reduction factor &, in case of Ly =90, L3 = 530m, L, = 1000 m, L, = 1000 m, d, = 500 m, d. = 500 m

for different configuration of connected cireuil,

Circuit configuration

k
Eﬂ.!-l! N. Nz N’
] 0 f] |
g 10 i { (0,59
Basic
20 ] ] (0,45
30 ] i} 0,36
A 0 10 ] 0.67
B 10 10 0 (049
C { ] 10 0,72
I 10 0 10 0,54
E { 110 10 .31
I 10 10 10 (0,47
'l,ﬂ-\
0.8
e M\
e —
T
0.4
e iy
02
0.0
10 20

N

Figure 8.31. Reduction lactor k, in case of Ly =0, Ly = 50 m, Ly = 1000 m, L; = 1000 m, ¢, = 500 m, d., = 500 m
as a function of number of external connected circuits for different configuration of connected circuit (hasic case

of Tab. 8.15),
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8.6. Grounding conditions influence on apparatus protection by means of SPD

8.6.1. Resistive coupling for an extended earth arrangement
In the present paragraph the influence of grounding conditions on apparatus 1o be protected
by means of SPD is recognized.

Fig. 8.32 illustrates the case where the apparatus to be protected is earthed at an EBB
different from the main bonding bar at which the SPD1. installed at the line entry point into
the structure (main switch board) for the protection of distant apparatus, is connected. In such
case if the linear dimensions of the earth arrangement extend more than 10 m (e.g. earthing
arrangement of type B according to the IEC/EN standard 62305-3). the equipotentialization of
apparatus to be protected (inverter) is not sure.

Lrs |

PHASE ———
T $ “ INVERTER ! - PV
| seDI | spD2 ' -
NETWORK — '

T

Ehf

Figure 8.32. Diagram of cireuit o supply an apparatus and the loop formed by PE, phase conductors and two
SPDs bonded to an extended earth arrangement (type B according to [EC/EN 62305-3).

The flowing of the lightning current to earth gives rise to a common-mode voltage ({/,) on
the apparatus to be protected (1/)): the value of the voltage is such that it is necessarv to install
an appropriate SPD at the secondary distribution board (SPD2), where the apparatus is
connected. The influence of distance (L) between point of injection and apparatus to be
protected on the ratio k= U/ U, for different soil resistivity is shown in Fig. 8.33.
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Figure 8.33. Reduction factor (k = U}/ U7,) in a meshed grounding network as a function of the distance
1. between the injection point of the lightning current and the point of installation of apparatus 1o be protected.

In fact the earth-termination voltage [/, = Z I; due to the lightning current /; injected into
the earthing arrangement of conventional earthing impedance Z may stress the apparatus in
spite of the installed SPD1.

In such condition an SPD2 should be installed at the secondarv switch board (or at the
apparatus terminals) in order to limit such overvoltage transmitted by resistive coupling.
For the correct dimensioning of SPD2 the amplitude and shape of the current /spp2 flowing
through the SPD2 should be known.

The extended earth termination arrangements (e.g. ring electrodes, meshed systems. tyvpe
B according to the IEC/EN standard 62305-3) are usually dimensioned in order to have a
conventional earth impedance of Z ~ 10 £ for lightning current of positive flash 10/350 ps
and for the current values associated to LPL 1. To obtain such value their radial dimensions
increase as the soil resistivity p is increasing (Fig. 8.33). With such dimension the
conventional earthing impedance Z for lightning current of negative subsequent strokes
(0.25/100 ps) associated to LPL 1 may reach some tents of Ohm.

In all cases. the highest values of /spp> and the associated charge Ospp: are obtained for the
positive flashes as shown in Fig. 8.34.

The charge Osppyz for unit of current is increasing with the soil resistivity p but for
£ <2000 Qm is always less than the value of 0.5 C/KA associated to the standard current
shape 10/350 ps as demonstrated in Fig. 835,

As consequence an SPD2 of test class | should be installed, the reference parameter for the
selection of the their discharge current is the current /spp; and not the charge Ospa.
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Figure 8.34, Extended earth amangement - cwrent Jgpp Mowing in the circuit with two SPDs due to resistive
coupling as the resistivity of soil varies. Assumptions; tvpe B earth amangement (IEC/EN 62303-3), network
configuration 10 x 10 m; lightning current of LPLI injected in the centre of network: apparatus bonded at comer
of the network,
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Figure 8.35. Extended carth arrangement - charge Ogpp associated 1o the current fgp due to resistive coupling as
the resistivity of soil varies. Assumptions: type B earth arrangement (IEC/EN 62303-3), network configuration
10 % 10 m: lightning current of LPLI injeeted in the centre of network: apparatus bonded at comer of the network.
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8.6.2. Bonding conditions for control and measurement apparatus protection

The aim of paragraph is to investigate the typical problems of selection and installation of
an SPD class I1 test, which can affect its effectiveness. For this investigation a real
arrangement of an electric system within a structure is considered (Fig. 8.36) and the
schematic electric circuit of such arrangement (Fig. 8.37) is reproduced in laboratory where
several tests are performed. Special focus is addressed to ascertain the influence of circuit
configuration, especially bonding connection on apparatus to be protected. The influence of
difTerent ty pes of apparatus represented by constant parameters (R, L, C) is also investigated.
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¥kl 6
¥l
Fe
------------- .
Figure 836. Example of electrical system in a structure: | — conventional earthing impedance; 2 - surge

protective device (SPDY, 3 = PE conductor; 4 = power line; 5 - equipotential bonding bar, 6 - common inlet for
different services; 7 — apparatus to be protected; 8 - bonding joint, 9 - steel reinforcement in concrete (with
superimposed mesh conductors).

A sensitive apparatus (7) is installed in an upper floor within a steel reinforced concrete
structure and bonded directly to the steel reinforcement in concrete (9) at the floor level and
through the PE conductor (3) at equipotential bonding bar (5) of the switch board. In the same
figure is shown also earth impedance (1); surge protective device (2): low voltage leeder (4):
common inlet for different services (6) and bonding joint (8).

The schematic circuit in order to reproduce in laboratory the real arrangement is reported
in Fig. 8.37, where it is shown the impulse voltage generator ((r). the typical low-voltage
limiting SPD, the conductors of length & leading the SPD and apparatus to be protected and
some dilTerent loading elements like resistive (R), inductive (L) and capacitive ((') simulating
difTerent input impedance of real apparatus like filters, PC, elc. It is assumed that the resistive
part (R.) of the impedance of the considered bonding conductors is prevalent.
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Figure 8.37. Schematic illustmtion of reproduced arrangement in laboratory: 7 - impulse voltage generator;
17} = surge vaoltage, F£AA - equipotential honding bar; R, - PE conductor resistance; d, — length of conductors
connecting EBB and earthing svstem; # - conventional earthing impedance, SPD — surge protective device;
{7, = voltage on the SPD terminals; - line length; 7 — overvoltage incoming through distant SP1, 1 - resistive
load; £ = inductive load; C' - ecapacitive load; ) — voltage on the terminals of apparatus to be protected.

Analyses of bonding condition for resistive load
As suggested in Fig. 8 36 and skeiched in Fig. 8.37 the apparatus can be bonded by several

points, In the case under consideration the apparatus is connected 1o the switch board EBB by
PE conductor and to the local EBB directly connected to the steel reinforcement of concrete.

The influence of bonding conditions in the case of open end circuil is analysed. Tesis are
performed with different values of PE conductor equivalent resistance R. = 0 £2. 100 €2 and
10° € with a fixed distance ¢ = 30m and with two tvpes of stressing overvoltage 0.25/50 us
and 1,2/50 ps.

In Fig, 8 38 and 8.39 the results for 1.2/50 ps stressing wave shape are shown.
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Figure 838 Oscillograms of voltage al apparatus lo be protected: CHI voltage on the SPD terminals,
CH2 wvoltage on the load; impulse voltage wave shape 1,2/50 ps: resistive load R = 107 @ R, = 0 Q;
line length o = 30 m.
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Figure 839 Oscillograms of vollage at apparatus to be protected: CHI voltage on the SPD terminals,
d=30m.

CH2 voltage on the load; impulse voltage wave shape 1,2/50 ps; resistive load R = 10° Q. R.= 10°Q; line length

R

In Fig. 8.40, 8.41 and 8 .42 the results for stressing overvoltage 0,25/50 us are shown
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Figure 840, Oscillograms of voltage at apparatus to be protected: CHI voltage on the SPD terminals,
d=30m.

CH2 voltage on the load; impulse voltage wave shape 0,25/50 ps; resistive load & = 10° £, R, =0 Q; line length
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Figure 841, Oseillograms of voltage at apparatus to be protecied: CH1 voliage on the SPD terminals,

CH2 voltage on the load; impulse voltage wave shape 0,25/50 ps; resistive load R = 10° &, R, = 100 0; line

length o = 30 m.
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Figure 8.42. Oscillograms of voltage at apparatus to be protecied: CHI1 voltage on the SPD terminals,
CH2 voltage on the load: impulse voltage wave shape 0,25/50 ps; resistive load R = 10° (2 R = 10° Q

line length = 30 m.
According to the best practice if PE conductor has negligible resistance (R, = 0 £2) the

expected voltage at the apparatus is less or equal to the double of SPD protection level,
100 €2) or disconnected

according to the rise time of the incoming surge and distance .

If the PE conductor is bad connected (simulated bv R
(R.= 1 M), the voltage at the apparatus terminals may exceed even 2 1/,
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Analyses of bonding condition for inductive load
In this section results are presented of simulations performed with the same conditions as
above for open circuit (resistive load) but connecting the phase conductor and PE to an

inductive load of L. = 5 mH.
T
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Figure 843 Oscillograms of voliage at apparatus to be protected: CHI voltage on the SPD terminals,
CH2 wvoltage on the load; impulse volltage wave shape 1,250 ps, inductive load L = 5 mi;, R, =0 Q

line length o = 30 m.
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Figure 844, Oscillograms of voltage al apparatus (o be protected: CHI wvoltage on the SPD lerminals,
CH2 voltage on the load; impulse vollage wave shape 1,250 ps; inductive load I = 5 mH: R, = 10° Q;

L

241

line length & = 30 m.



JL .
=

Figure 845, Oscillograms of voltage at apparatus to be protecied: CH1 voliage on the SPD terminals,
CH2 voltage on the load; mmpulse vollage wave shape 0,.25/50 ps; inductive load L = 5 mH; R. = 0 Q;
line length o = 30 m.
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Figure 846, Oscillograms of voltage at apparatus to be protecied: CHI1 voltage on the SPD terminals,

CH2 voltage on the load; impulse voltage wave shape 0,25/50 ps: inductive load L = 5 mH: R. = 10° Q:
line length = 30 m.

It is to note that obtained results are in line with open end circuil case as above, at least
during the short front time duration of applied surge.
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Analyses of bonding condition for capacitive load

This section is dedicated to the capacitive influence of protected apparatus to the voltage
appearing on its terminals, assuming the other conditions equal to the resistance and inductive
case. For this aim a capacitive load ' = 100 nF is used.

e T

w88 ER NS

Figure 847, Oscillograms of voltage al apparatus 1o be protected: CHI wvoltage on the SPD tenminals,
CH2 voltage on the load; impulse veltage wave shape 1,.2/50 ps: capacitive load © = 100 nF; K. =0 0; line
length o = 30 m.
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Figure 848 Oscillograms of vollage ot apparatus o be protected: CHI voltage on the SPD terminals,

CH2 voltage on the load; impulse voltage wave shape 1,2/50 ps , capacitive load C = 100 nF, R. = 10°Q,
line length o = 30 m.
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Figure 849 Oscillograms of voltage at apparatus to be protecied: CH1 voliage on the SPD terminals,
CH2 voltage on the load; impulse voltage wave shape 0.25/50 ps, capacitive load C = 100 nF, R = 0 Q;
line length o = 30 m.
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Figure 8350, Oscillograms of voltage at apparatus to be protected: CHI1 voltage on the SPD terminals,

CH2 voltage on the load; impulse voltage wave shape 0.25/50 ps; capacitive load C = 100 nF; Re= 10°Q;
line length o = 30 m.

The obtained results for capacitive load show that the capacitive character of apparatus has
not an influence to exceed the value 20/, During the shori time of front of surge the
capacitance operates a reduction of both the amplitude and steepness of surge. In this case it is
seems important lo take care aboul the energetic coordination with the upstream SPD.

The performed tests for R, L. C load conditions show that where multi points bonding
connection to earth is available for an apparatus within a structure. is important that the PE
conductor should have low impedance value in comparison with the other bonding
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connections. Unfortunately a not correct designing by under sizing of the PE conductor cross
section or a not good routing, may increase the risk of failure of apparatus and the condition
suggested by the standard could be not on the safety side. In this case one possibility to reduce
the voltage at the apparatus terminals is to adopt a coordinated SPD system where a second
SPD should be installed immediately at the apparatus terminals.

8.7. Summary
In the present chapter selected aspects of lightning protection for photovoltaic power
generation systems are presented.

PVGS from the lightning protection point of view are briefly described. Possible lightning
occurrences and fields of disturbance relative to the protected svstem are shown. Typical
components of PVGS are characterized in terms of impulsive withstand voltage (U,).
Protection measures recommended by IEC standard and applicable for PVGS are classified
and reported.

First investigation intends to present some aspecis ol nisk assessment for PVGS. Two
examples of PVGS. namely domestic one and industrial one. with similar characteristic are
considered. The performed risk evaluation show that the value of risk of human life is
negligible respect to the value of tolerable level suggested by the IEC standard. The selection
and installation of protection measures is determined by the risk of economy loss. where Ry
component due to flash near the structure for both cases has dominant value. In this case the
lightning risk can be reduced by means of e.g. installation of coordinated SPD system.

Second investigation intends to present some overvoltage protection aspects for acquisition
and control unit by means of SPD. The influence of distance between the SPD and apparatus
to be protected on protection elfectiveness is analysed. The tyvpe of connecting leads. SPD
protection level as well as stressing overvollage shape are also considered. The analogies
between low-voltage svstem and signalling svstems protection can be concluded.

Third imvestigation intends to demonstrate load influence on the SPD elTfectiveness in
differential mode of application. The three different tvpe of load. as well as its combination
are examined.

Fourth investigation intends to shown the influence of parallel consumer on the SPD
selection. The analyses demonstrated that the number and configuration of parallel consumers
have no influence on the protection level selection. The number ol parallel consumer has an
impact on the lightning current division what is examined in chapter 3.

Fifth investigation intends to demonstrate some aspects of grounding system influence on
the lightning current transfer due to resistive coupling even if the apparatus to be protected is
bonded at the same large grounding network of the LPS.

Sixth investigation intends to show the influence of bonding conditions on control and
measurement apparatus protection. The common and differential mode of surge transfer is
discussed.
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Chapter 9



9. Summary and conclusions

In the present thesis selected problems of effective protection for electrical and electronic
systems against lightning surges are investigated. Possible surges as sources of damage for
sensitive systems are classified and characterized. Natural and random effects of the lightning
surges on such systems within a structure are considered.

The worst case consist of damage source S1, it means flashes direct to the structure where
failure of apparatus can be caused by resistive as well as inductive coupling of lightning
current {lowing to the earthing svstem.

Special focus is dedicated to the reduction of overvoltages in order to limit the probability
of damage (and then the risk) to tolerable levels by means of selecled protection measures as
suggesied by 1EC standards. The considered protection measures include:

» surge protective device (SPD) — switching type:
» surge protective device (SPD) — limiting ty pe;
« isolation transformer.

The investigation, aimed to the selection, installation and coordination of such protection
measures, is mainly performed by means of the commercial (ransient software EMTP-RV.
The simulation models are prepared according to the features of real componenis of analvsed
svstem. namely protection measures (SPDs or isolation transformer), connecting leads.
apparatus to be protected, earthing arrangement (A or B type according to the IEC standard),
power transformer and for different lightning current values and shapes.

In order to validate models correciness several tests are performed in HV Laboratory of La
Sapienza University ol Rome and in HV Laboratory of Warsaw University of Technology.

On the base of the computer simulation results new criteria for protection measures
selection, installation and coordination are proposed and some general conclusions can be
formulated:

* the selection of a proper protection level of an SPD/, installed at the entrv point of a
power line into the structure for reduction of voltages by resistive coupling, is afTected
by the length and the characteristics of the circuit between the SPD/J and the apparatus
to be protected and by the shape of lightning current;

* the voltage {/; at apparatus terminals increases with circuit length and may reach the
double of SPD/effective protection level [y in ten meters for the negative subsequent
stroke (worsl case);

¢ the inductive voltage drop AV on the leads/connections of SPD/ may reach several
hundred volts even for short connection length (0.1 = 0,2 m);

® due to high values of AV, even if overvoltage {/; induced by lightning current in the
circuit between SPD and apparatus is negligible, the value of [/, should be kept so low
that practically in all cases of installation a downstream SPD2 is required;
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the rise time of the current fspp flowing through the SPD/ to the incoming lines is
longer than the rise time of the lightning current and is increasing as the length of the
line increases, while its amplitude decreases with the line length:

an SPDI class 1 test is able to withstand the expected charge Qspp so that its
dimensioning is determined bv the current fspy;

the standard lightning current shape 10/350 ps appears adequate for SPD testing:
induction effect is the decisive factor in determining the current /spp; flowing through
a second SPD.2 installed at the apparatus terminals, as well as the voltage drop AV on
its connection leads:

highest values of total charge Ospp: flowing in P12 is due to positive lightning stroke
(10/350 ps) and to the largest circuit loop:

total charge QOspp; 1s the sum of the charges due to inducing Q; and feeding O, effects,
but charge ¢J; is of major imporiance in front of the induced one;

the values of current proposed by IEC 62305 for SPD2 class Il tested with /, are on
safety side onlv if an SPD/J switching type is installed.

For the proper installation of isolation transformer the following general conclusions can be
formulated:

common mode lightning surges attenuation achieved by means of an isolation
transformer depends on the earthing conditions of the screen:

the screen of isolation transformer have to be earthed to the same bonding bar of
apparatus to be protected.

the protective effect of isolation transformer can be seriously reduced due to long
distance connection of the screen 1o the equipotential bonding bar.

The results of the investigation obtained for basic LV circuit configurations, are then
extended to a case study for lightning protection of photovoltaic power generation svstems.
Particular attention is paid to:

the estimation of risk of human life and economical loss due to lightning;
the protection of control and signaling units:

the influence of load conditions on apparatus protection by means of SPD;
the influence of parallel consumer on SPD protection features;

the grounding and bonding conditions influence on apparatus protection.

The results of present thesis can be helpful in the revision of international standards on
lightning protection 1EC 62305 series. Moreover some practical aspects can be useful for
professional designers and installers of lightning protection systems,
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