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ABSTRACT

For the design, testing and selection of the highage surge arresters it is very
important to know real stresses arrester will bgosed to in the service. The most important
parameter in the assessment of the arrester drisstbee arrester energy duty. Arrester energy
duty is mainly related to the stresses imposedbylightning discharges and by the switching
operations. Arrester correct operation, protecttbaracteristics and the ageing are directly
related to the arrester energy duty.

In order to determine arrester energy duty in seritiis important to know frequency
of the arrester operation and the shapes of thaulsapcurrents discharged through the
arresters. The main characteristic of the lightnoagised arrester impulse current is high
amplitude, short duration and multiplicity, whilerfthe switching overvoltages arrester
currents have low amplitude but longer duration.

The purpose of this thesis is to develop a reat tiemote arrester monitoring system,
based on latest technologies in communication ata acquisition fields. This system, being
remotely installed, will monitor permanently surgerester current shapes in order to
determine arrester real field stresses and alswtator arrester condition. The main idea is to
estimate arrester energy duty of the electricalksts and make conclusions regarding arrester
selection and software simulations.

The proposed content is to study the basics ofligiening performance, describe line
surge arrester energy duty considerations and miresasting arrester monitoring devices.
Then the new monitoring system is introduced whk tequirements it has to meet and
solutions retained among different possibilities floe data acquisition, power supply and
communication parts. Finally it is installed in Ir&ald, and results are presented.

Keywords:

Surge arrester, arrester monitoring, energy duthectical stress, lightning
overvoltage, insulation coordination, line lightgiperformance.



ABSTRAKTUM

Bei dem Ausfuihrung, Prifung und Auswahl von demrspannungsableiter eine von
wichtigsten Informationen sind die Elektrische Bgamichung wehrend den
Betriebsbedienungen. Praziser gesagt, der bedettendarameter sind der Ableiter
Energieaufgaben. Die Uberspannungsableiter Ersrfgjaben sind meistens verbunden mit
dem Belastungen verursacht durch den Blitzentlaeliraggler durch den Schaltvorgang. Die
korrekte Uberspannungsableiter Betriebsbedienungsgine Schutzeigenschaften und
Alterungs- Prozess sind direkt abhangig von selfrargieaufgaben.

Um die Uberspannungsableiter Energieaufgaben wetheen Betrieb zu bestimmen,
es ist wichtig die Haufigkeit von dem Uberspannadsiter Betriebsoperationen und die
Form von dem Entladungsstrom durch den Ableitekemnen. Die Haupteigenschaften den
durch den Blitzentladung entstehende Strom singsgroAmplitude, kurze Laufzeit und
Vielfachheit. Auf andere Seite, die Strome die dem Schaltvorgang entstehen haben
niedrigere Amplituden mit langerer Laufzeit.

Das Ziel dieser Doktorarbeit ist zu entwickeln &ohtzeitmonitoringsystem (Real-
Time Monitoring System) die auf der modernsten IKaomikation Technologien und
Datenerfassung Systemen basiert ist. So ein feieggases System soll permanent die Form
von dem Ableiter Strome uUberwachen und damit eiraldlR#e Kontrolle von den
Feldanspannungen sicherstellen. Die Haupt Ideeusermoglichen eine Abschétzung von
dem Ableiter Beanspruchungen im Bezug auf elekidsStresses and herleiten die
Entscheidungen tber Ableiter Auswahl and entsprad&oftware Simulation.

Die vorgeschlagenen Aufgaben sind die Studie Uben Grundlagen den
Ubertragungsleitung Blitzentladungen HochleistuAgalyse von den Uberspannungsableiter
Betriebaufgaben und eine Vorstellung von den esastide Ableiter Monitoring Systemen.
Ein neune Monitoring System soll vorgestellt werdersammen mit dem Aufgabe er soll
ausfuhren und einen Auswahl von den begleitendenteri@afassung Systemen,
Stromversorgung und Kommunikation Komponenten. li8gslich so ein System wird
installiert in die realen Feldbedingungen und eneisipende Resultate werden prasentiert.

Stichworter:

Uberspannungsableiter, Ableiter Monitoring, Ableienergieaufgaben, Elektrische
Beanspruchung, Blitziberspannungeojationskoordination.
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|. Introduction

Line surge arresters are devices used to improaasmmission line lightning
performance. Electrically, they are installed irrgblel to the line insulators, with the main
function to prevent line insulation flashover. Théshnology is today used worldwide as a
standard solution for line lightning performancemavement of transmission and distribution
lines.

Surge arrester Zinc Oxide (ZnO) disc volume, anerdfore disc diameter
determines the maximum energy capability of theeser. It is very important to select
arrester energy capability according to the expgketeergy stresses. If incorrectly chosen, or
if facing a higher energy stress due to the incgntiansient current, the arrester may fail to
absorb the energy.

Nowadays some of the line surge arrester manufastairy to promote higher energy
duty surge arresters. This higher energy capalibtyesponds to higher metal oxide blocks
size leading to heavier and more expensive argestésin argument remains the additional
safety provided by this product since it is capatdeabsorb more dangerous electrical
stresses, even the ones that are impossible to wceeality based on software simulations.

Without the measurement of real electrical stressparticular line is exposed to, and
based only on recommendations from CIGRE regartigigning parameters such as stroke
median value of the current peak, front time andation, a line surge arrester cannot be
stated as correctly chosen or over dimensioneddaggits energy capability.

Arrester monitoring field is of primary importanas well. Next to the surveillance of
the arrester condition, this monitoring offers dtdreunderstanding of the stresses arrester is
exposed to in service.

An arrester monitoring system can measure diffepamameters such as the leakage
current flowing through the surge arrester, thadient current, the temperature of the ZnO
blocks.

This different data leads to conclusions regardinmgster condition, whenever it has to
be removed from service or not, and arrester sefectvhenever it has been correctly
designed for a particular line. Also the measuraimeters may validate or not the accuracy
of simulation software results.

Existing monitoring devices offer a good overviefalze arrester condition regarding
its energy capability. However most of them areeba®n laboratory experiments or
artificially triggered lightning, thus the link heeéen the measured electrical stresses and the
real ones is discussable.

Transient software is also widely used for the ligatning performance simulations.
But its input data regarding lightning charactérstis based on recommendations and
therefore this may lead to inaccurate electrigassies estimations.

14



The new contribution of this thesis is the develeptnof a complete arrester
monitoring system. It is capable of measuring fedtl parameters related to the electrical
stresses such as the shape of the transient cwmeah is of primary importance in the
correct selection of surge arrester regardingnsgy capability.

Indeed this data enables the calculation of theggn@ischarged through the arrester
and therefore this monitoring system as well théwsoe operating it permit to make
comments regarding the correct choice of the ardst a particular line.

Also this acquired data regarding current shapgseful for the simulation software
validation. With the different transient programegenting various results for a particular line
design, it is very important to compare the simedashapes with the acquired ones, for a
similar scenario.

The scientific output of this thesis is a bettederstanding of real electrical stresses a
surge arrester is exposed to on a particular &isayell early conclusions regarding its correct
selection and the accuracy of simulation softwasults. A major conclusion of a recent
colloquium [33] regarding exclusively line surgeremters was that much more input
parameters from the real field regarding electrstedsses are needed for the correct selection
of arresters. Otherwise it is impossible to confiuenever a line surge arrester is correctly
designed, under dimensioned or over dimensionedafparticular line. This insufficiency
leads to much confusion for the utilities whenngyito purchase the correct arrester for their
needs. Therefore the possibility to measure redd Btresses offered by this new monitoring
system is positively approved.

The scope of this work is to develop a new monigprsystem that is capable of
measuring the real electrical stresses a line samgster is exposed to. Thanks to its current
transformer installed on the grounding lead conmlycand data acquisition card, the real
current shape discharged through the arrester asuned. With this measurement, next to the
number of operations, current peak and duratioerggnduty of the arrester can be calculated
as well for the first and subsequent strokes.

This new monitoring system operates at distance anmdahtime, thanks to the new
possibilities in the communication and power sudpids. Being correctly designed thanks
to the software simulations and successfully testddboratory, two monitoring systems are
installed on a pilot line. Real stresses on thgewarrester due to real lightning activity are
monitored, and first results are included in thigsis. Next to the calculations regarding
arrester energy duty, comments are presented iagadester condition.

Based on this framework, main chapters of thisishe® presented below.

The main topics of this thesis are:

» Study of present recommendations regarding ligigtriinaracteristics and line surge
arrester selection based on energy duty considesati

* Presentation of existing monitoring devices forelisurge arresters as well present
research projects.
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Proposal of a new monitoring system with its adagas in the measurement of real
stresses.

Software simulations regarding the line surge #&resnergy duty for a particular
transmission line.

Laboratory testing of the developed monitoring sgstn order to verify its operation.
Installation in real field of two monitoring systeron a particular transmission line.
Gathering of the real results due to real eledtrgteesses and conclusion about
arrester condition.

Also several annexes are included at the end sfxbrk.

Annex | presents the calculation method of the stereenergy duty based on the
measured currents flowing through it due to readssies as well its voltage discharge
curve, also called current—voltage characteristics.

Annex Il describes the operating duty test procedan arrester has to pass
successfully in a laboratory before commercial@ati This test enables for the
manufacturer to state the energy capability oduitester.

Annex lll gives an extensive modelisation of eadvide used for the simulation
studies, as well the justification of input paraemnst

Annex IV presents the calculation procedure in de¢ermination of solar power
supply requirements for the proposed monitoringesys

Annex V is a set of illustrations demonstrating kgoratory testing of the monitoring
system.

Annex VI contains the complete source code of fhyalieation used for the remote
control of the Haefely EMC ECOMPACT 4 impulse geater.

Annex VIl is a set of illustrations demonstratinfgetreal field installation of the
monitoring system.
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Il. Line Surge Arrester and Enerqy

An overhead line is exposed to different electrstaésses during its operation. Most
important of them are the lightning overvoltages do atmospheric discharges and the
switching overvoltages due to line closing and liee closing at substation. According to the
worldwide experience more than 50 % of all lineagd#s are related to the lightning.

Line lightning performance is the annual numbepuwafages due to lightning per 100
km of line length. Improving it is of primary impiance for the quality of energy supply.

[1.1. ELECTRICAL STRESSES

[1.1.1. Lightning overvoltages

Lightning stroke can hit tower top, sHielire, phase conductor or nearby object.
Lightning overvoltage is generated which may prediie insulation flashover.

A direct hit to the tower or the shield wire maypguce a backflashover. In the case
that the lightning surge bypasses the shield wne fasits the phase conductor directly, this
event is called a shielding failure.

A backflashover is a flashover from the tower te gfhase conductor. The lightning
surge with a defined current peak and front tints the tower directly or the shield wire if
present. In both cases, lightning current is disgda to the tower earthing which has a
defined footing resistance. The amplitude of thikage potential of the tower rises quickly. If
the voltage potential difference between the toaretd the phase conductor is higher than the
insulation critical flashover level, a flashovercacs on the insulator. Therefore the
backflashover is related to the tower footing rasise. The higher is this resistance value, the
higher is the probability of backflashover.

Shielding failure results in two equal waves wittdflthe lightning current amplitude
flowing through the phase conductor to the towerdoth ends. This transient current may
produce a flashover from the phase conductor tatdtwer. This event is called shielding
failure flashover. However with the Electrogeoneiviodel (EGM) [2], only lightning surges
with smaller current peaks can produce a shieltiiigre on a typical shielded overhead line.
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[1.1.2. Switching overvoltage

A switching overvoltage is a so called slow frontervoltage compared to the
lightning one. It has a longer duration as wellisTigpe of overvoltage is of great importance
for the transmission system voltages of 245 kV laigtier [1].

[1.2. LINE LIGHTNING PERFORMANCE IMPROVEMENT METHOD

Different solutions are possible in order to imprdine lightning performance. Main
of them are [3], [5]:

* Tower footing resistance improvement.
* Additional shield wire.

* Installation of guy wires, in order to divert lolyapart of the transient current away of
the tower earthing.

» Installation of underbuilt ground wire that divepart of the transient current to the
neighboring towers.

* Insulation increase in order to improve its witinstdevel.
* Application of line surge arrester.

In practice, solutions such as underbuilt groungewguy wire and insulation increase
are not applied due to technical or economical tramts. Remaining possibilities are
detailed below.

Reducing tower footing resistance reduces the ibtyaof the backflashover. In
some cases tower footing resistance reduction g dficult and very costly and in some
cases impossible.

In the case that the line has no shield wire, Ilmstaone would prevent the high
current lightning hit directly to the phase conaust Adding an additional shield wire to the
existing one can improve the shielding angle oflthe thus allowing that only low current
peak lightning surges may bypass it based on thil E&imation. In addition, shield wires
divert part of the lightning current to the neighhg towers reducing probability of the
backflashover.

If none of the above two methods are feasible, feotechnical or economical point of
view, a third option to improve line lightning perinance is the application of line surge
arresters (LSA).
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I1.3. LINE SURGE ARRESTER

Line surge arresters are devices used to improaasmmission line lightning
performance. Electrically, they are installed irgblal to the line insulators, with the main
function to prevent line insulation flashover. Théshnology is today used worldwide as a
standard solution for line lightning performancepnavement of distribution and transmission
lines [40] - [56]. They are used on shielded andinshielded lines. Hundreds of thousands of
these devices are in service today with an exdeflervice experience. It is possible to have a
complete control over line flashover rate by thee wf line surge arresters. By their
installation on all phase conductors and on allei@along the line it is possible to have zero
outages, but today’s practice is to optimize inagtan of these devices according to the target
line performance. On the shielded lines, surgestere are usually installed on the sections of
the line exposed to lightning and on the towershwhiigh footing resistance. Software
simulation tools are used for the selection of ptinaum installation configuration.

[1.3.1. Energy considerations

Surge arrester Zinc Oxide (ZnO) disc volume, aneérdfore disc diameter
determines the maximum energy capability of theeser. It is very important to select
arrester energy capability according to the expketeergy stresses. If incorrectly chosen, or
if facing a higher energy stress due to the incgntiansient current, the arrester may fail to
absorb the energy.

ZnO disc diameter defines the arrester energy diétyabAccording to the IEC
standard the following arrester classes are defined

Arrester Class Disc diameter (mm)
IEC Class | 40

IEC Class Il 48

IEC Class I 63

IEC Class IV 76

IEC Class V 100

Table 1 - IEC standard arrester classification
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11.3.2. Different designs

There are two line surge arrester designs:
* Gapless LSA
* LSA with a gap

Gapless line surge arrester has similar desigméostation class arresters. Gapless

LSA are normally equipped with disconnecting deyisfich disconnects arrester from the
service in the case of the arrester failure.

Line surge arrester with a gap (EGLA - Externallgpped Line Arrester) has an
external series gap. ZnO part of this LSA has #rmesdesign as gapless LSA. Thanks to the

external gap, this type of the arrester needs scodnector. In general, EGLA has less ZnO
blocks than gapless LSA.

The majority of the LSA used today are gaplessgiesEGLA are used in a few
countries only such as Japan and France.

Main differences between the two designs whichiamgortant to underline in the
arrester monitoring field are presented in Table 2.

-
-
.
=
-
=
.
-

Figure 1 - Arrester gapless design (left) and wdlp (right)
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Design Advantages Disadvantages

Gapless arrester| - Easy to install - Frequent disconnector operation
- May be installed live - Permanently stressed by power
frequency voltage

- Better energy sharing

- Controls switching surge - Stressed by all overvoltages

overvoltages

- Easy monitoring [both leakage
and impulse current]

Arrester with thg - No need for disconnector - Difficult to install

9ap - No stress from power frequency| - Gap distance change in service

voltage and switching overvoltages Impossible live installation

- Less ZnO blocks in ZnO part - No leakage current monitoring

- No energy sharing

Table 2 -Basic comparison between gapless arrester andarvath the gap

11.3.3. Line arrester energy duty

Determination of LSA energy duty is very important the application of this
technology for the line lightning performance impement. LSA are stressed in service by
temporary overvoltages, switching overvoltages alightning overvoltages. These
overvoltages determine arrester energy duty. Aerestergy capability determines LSA price.
For example, IEC Class Il LSA is about 30 % morpessive, and IEC Class Il cost almost
50 % more than IEC Class | LSA. In addition to thgher prices higher class arresters have
higher weight and cross section. Higher weight domes may limit application of this
technology since some utilities don't like to putalty devices on their line. It is also
important to take into account that higher clagester increase transportation, storage and
installation cost. Line surge arrester energy @afgulation is presented in Annex |.

LSA rated / duty cycle voltage is generally deterad by the system temporary
overvoltages. Taking into account that LSA mainchion is to prevent flashover over line
insulators there is no need to take the same nraitdge as for the arrester used for other
system equipment protection. It is normally recomdesl to take a slightly higher rated
voltage for LSA than for station arresters. WherALi&ted voltage is correctly selected there
is no important energy duty related to this typeh&f overvoltages. Thermal runaway of the
surge arrester corresponds to the situation whevepdosses in the arrester exceeds the
thermal dissipation capability of the housing armhrections, leading to a cumulative
increase in the temperature of the ZnO blocks aquditimg in failure.

Surge arrester thermal stability is best checkethenOperating duty test [Annex Il].
In this test, after so-called conditioning and Zblocks preheating two rectangular impulses
are applied [for the considered arrester - IEC €lfsinjecting in the blocks energy, which
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corresponds to this arrester class [about 5 kd#dV After application of the impulses the
elevated rated voltage is applied for 10 secondlsewed the application of the elevated
continuous operating voltage for 30 minutes. Agesias to demonstrate thermal stability in
this test.

In the selection of the surge arrester characiesigitis very important to correctly
match so-called ‘Power frequency withstand voltegesus time characteristic of the arrester’
with the expected temporary overvoltage charadiermd the system in which arrester will be
installed. The power frequency withstand voltagesue time characteristic of the arrester
shows the maximum time durations for which powegérency voltage may be appliecttie
arrester without causing damage or thermal instgbil

When temporary overvoltage characteestof the system [peak and duration] in
which arrester will be installed are known, selegtslightly higher rated voltage for LSA will
reduce arrester stresses related to this typeeafvhrvoltages.

Surge arrester energy duty related to the switcbvgrvoltages depends on the line
length, type of the line closing [closing, singlele re- closing, three pole re-closing] and
surge arrester protective level. There is a bifetbhce in the selection of the surge arrester
energy capability for the station arrester and tfog LSA. In fact, station surge arrester
normally discharges all energy related to the §m#ching overvoltages. LSA installed along
line length [the whole length or on the line seasipshare energy related to the slow front line
switching overvoltages. So LSA energy capability ¢ee lower than station class energy
capability. LSA energy duty depends on the nunabérSA installed on the different phases,
LSA type [gapless or with gap], LSA location aldimg length, and system voltage.

Taking into account that LSA share switching suegergy, their energy capability
can be lower that station arrester switching suwagability. For example, if station arrester
has IEC Class Ill energy capability, very often IEG@ss | switching surge energy capability
will be sufficient. It is important to note thatrge arrester switching surge test, defined in
arrester Duty cycle test presented in Annex llrefated to the station arrester energy
capability verification.

When LSA lightning surge energy duty is in questi@ns very important to take into
account the following information:

* Line design [shielded or unshielded]
» Lighting stroke distribution

» Lightning current shape through LSA
» Lightning stroke polarity

* Tower footing resistance

» Lightning stroke multiplicity
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It is well known that LSA are differently stressesh the shielded and on the
unshielded lines. Shield wires are collecting “l@gknergy strokes” and diverting fraction of
the lightning stroke current. Lightning stroke @mt through LSA depends also on the
number of shield wires. Lightning current shapetgh LSA is different for the shielded and
for the unshielded line. Its duration is shortertfee shielded line.

Phase conductors on the unshielded line can beksttirectly by “high energy”
lightning strokes. Lightning current shape throl@? is similar to the shape of the lightning
stroke hitting the line [longer duration than fdriedded line] meaning that LSA on the
unshielded lines are much more stressed than LSAeshielded line.

In the determination of the LSA energy duty for thi@elded lines tower footing
resistance plays very important role, especialhytiie all phase conductors LSA installation.
Higher is tower footing resistance higher is LSAm®gy. This has to be taken into account in
the LSA selection.

In the software statistical simulation for the L®8Aergy duty determination it is very
important to have stroke distribution which cor@sgs to the region in which line is
installed. In CIGRE brochure [3] median of the k&distribution is 31 kA. This value is
obtained by the measurement on the tall towerdhénrégions with a very high lightning
activity. Latest research based on the modernrightlocation systems show that the median
of the current is much lower [for example 14 kA Aastria, 16 kA in Slovenia]. Making
software simulation with 31 kA will produce veryghi energy stresses which are not realistic.

The majority of the lightning strokes are negatpaarity [more than 85 %]. The
positive polarity strokes have higher current peakd longer duration [higher than negative
strokes energy], but they appear in few regionhéworld [In Japan during winter, in the
high mountains]. In the rest of the world the nagapolarity stroke dominates and arrester
energy duty determination has to be based on tiity distribution.

Almost all lightning flashes consist of several gmments [first and a few subsequent
ones]. Average number of components per flashresethwhile some flashes may consist of
eight or more components. The subsequent strolesi@mally lower peak than the first
component [in 95 % of cases] and they have shdueation.

Usual time separation between subsequent flashe®oigt 100 ms, meaning that flash
energy [related to the first and to the subsequead]to be taken into account. This is because
ZnO blocks have no time for cooling.

In the case of the shielded lines subsequent coemterhitting tower top or shield
wire usually will not produce arrester operatiorifty lower amplitude]. So their energy input
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to the LSA is not so important. But in the casehaf shielding failure all subsequent strokes
energy input have to be considered. The same igfsielded line.

[1.3.4. Line surge arrester monitoring

As per previous discussion arrester energy dutgroehation is of great importance.
To determine arrester energy duty it is necessaknow LSA current shapes. LSA current
peaks, obtained by some standard surge monitorgjigansome indications for the energy
duty but this is not sufficient. LSA current shapesn be determined by the software
simulation and by the measurement [real field bofatory].

Software simulations for LSA current shape deteatam suffer from the correct
simulation parameter selection. As indicated beWareng median current selection may lead
to unrealistic energy duty. The same is for thggsuail selection, as well the number and
distribution of the subsequent components. Thisnme¢hat software simulations are useful
for the indication of the expected arrester enatgty, but this is not sufficient for the final
LSA selection.

LSA current shape monitoring may be performed iakeratory or in the real field.
Laboratory measurements are performed during tieds&velopment and testing phase using
surge shape that is different from the shapes L8Weceive in the field. In fact, all these lab
measurements are performed in order to verify thester energy capability.

Real field measurements are performed in the spesiasites or on the real lines. The
special test sites have just section of the lisudlly distribution line with a limited length].
Standard laboratory instruments [oscilloscopesansient recorders], laboratory dividers and
sensors are used for the arrester current shapsuree@ent. Rocket triggered lightning is
used to bring lightning stroke to the desired paihtine. It is important to indicate that the
triggered lightning is different than natural liging.

There are a few projects performed on the realibligion lines with real lightning
activity, but the main purpose of those tests isdofy the arrester disconnector operation.
Arresters under the test are standard distribuaomsters installed for the distribution
transformer protection. Standard measurement earnpns used, with no real time data
transfer.

One project, which includes high voltage LSA, isfpened in Japan, with the purpose
to check LSA energy capability for the positiveo& lightning current. In addition to the real
lightning strokes hitting to the line, the majority the stroke are rocket triggered. Standard
laboratory recording equipment is used with no renalata transfer.
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11.3.5. Purpose of this work

The main purpose of this work is to develop a teak, remote LSA current shape
monitoring system installed permanently in thedidt was decided to install this system on a
123 kV line in Croatia. The considered line opesdtea very heavy lightning environment
[South of Croatia - estimated ground flash denisity strokes/krffyear]. This shielded single
circuit line is 46 km long and has 144 towers. mpiove line lightning performance 106 IEC
class Il gapless LSA, having rated voltage of 188ake installed. LSA are installed on the
selected towers [bottom or bottom and middle cotmlicLSA installation configuration is
determined using software simulation. After LSAtalstion line lightning performance is
improved for 50 %.
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1. New arrester monitoring system

Before introducing the proposed arrester monitogygtem it is important to describe
existing devices in order to underline differencasd improvements to expect. Two
monitoring systems are presented. First of all eyesicounter and total leakage current
measurement device is introduced. Then a line tamrenonitoring system is described.
Finally next to those commercially available degiceurrent most advanced research projects
are presented.

[1l.1. EXISTING DEVICES

[11.1.1. Surge counter and total leakage current measuremerevice

The SC13 is a surge counter and total leakage rdumeasurement device from
company Tyco [24]. A similar monitoring systemhe t3EX5 050 from the company Siemens
[25]. It is mainly used in substation for statiamge arresters.

Main specifications of this device are given in thble below.

Meter 6 digit cyclometer at least 5 counts/second
Minimum count current 200 A 8/2s
Maximum High Current Withstand 100 kA 4/10 microsed wave

Nominal Residual Voltage at 100 kA witts kV
4/10 microsecond wave

Auxiliary contact rated 0,5 A 250 V farYES
connection to remote signaling equipment

Table 3 - Surge counter Tyco SC13 main charadesist

It gives two type of information:

» Total leakage current measurement
* Number of arrester operations

The Tyco SC13 can also be installed on a line sargester. Indeed it is an outdoor
device that connects easily to the arrester baseieMer tower installation is not its primary
application since the data it gives is accessibfedivect reading only and not by a
communication link.
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Therefore the access to its information is diffi@ihce it would require a technician to
climb on tower or the usage of binoculars.

It has also an external output giving the instaitig of the total leakage current and to
which one a third party acquisition device can amrsuch as an oscilloscope.

[11.1.2. Line arrester monitoring device

The ABB EXCOUNT-II is a line arrester monitoring wiee [26]. It measures the
leakage current of the arrester as well the nundfeits operations, and has wireless
communication ability.

This device is based on the measurement of the l@rmonic of the leakage current
with compensation [09]. Compensation means thatdbvice is equipped with a field probe
which monitors the harmonics content in the systaitage and eliminates them from the
total leakage current measurement for greater acguit is also solar powered. It contains
two current transformers, one for the leakage cirasmd one for the transient currents. A
wireless handheld reader is used in order to ketribe surge data and to synchronize the
sensors internal timer with its own. Specificatiofshis device are given in the table below.

Surge Current amplitude classification (8/20 us) -90 A
100-999 A
1000 - 4999 A
5000 - 9999 A
> 10000 A

Error in surge counting amplitude <20 %

Operation range up to 60 m

Table 4 - ABB EXCOUNT-II main specifications

However peak values in a range are insufficientaiculate the arrester energy duty
which requires the current shape.

Also each of the monitoring devices has own intetimaer synchronized with the
handheld reader during the data receiving phasereidre the time drift between two sensors
is possible. This may lead to false conclusion$1sagthe same lightning event recorded as
two separate ones by two monitoring devices.
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Finally in order to retrieve the data from the seasnstalled on a line, a technician
has to come close to the tower ground. This oparas difficult in some areas and cannot be
considered remote or real time.

Nevertheless the information given by the ABB EXQOUII is still useful for the
basic line lightning performance understanding.

ABB EXCOUNT-II

Figure 2 - ABB EXCOUNT-II installed on line arreste

[11.1.3. Research projects

This chapter summarizes the most advanced researgjects in the arrester
monitoring field. Reference to each of them is preéed as well.

First of all, a substation monitoring system hasrbéeveloped in Germany to monitor
station surge arresters [13]. System consists asSméng sensors, electronic unit and standard
computer connected to the system by fiber optik. liRogowski coil is used to monitor
lightning currents, and measured signal is integkdb obtain arrester current peak. Surge
arrester current peaks are then saved as a nurhbempalses belonging to the different
current ranges. Surge arrester lightning curreaps are not monitored.
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Next to it, a modern surge counter is used maimlggermany for more than 10 years,
which can indirectly indicate energy related witte tarrester discharge current [14]. This
device, called control spark gap, consists of tawspof the electrodes, which are bypassed by
a resistor. This resistor allows leakage curreriloiw in the arrester during normal operation,
but when arrester discharges lightning currentfage drop on the resistor will cause a
sparkover of the gaps. The resistor is releasedadtl discharge current flows through the
gaps, leaving visible marks on the copper elecsoBg the examination of the marks on the
spark gaps it is possible to indirectly estimatester energy duty. The gaps removed from
the service are compared with the gaps for whiclnksnare produced in laboratory (with
different current shapes). It is difficult to applyis system for the monitoring of line surge
arresters. Indeed it is necessary to climb on deits to remove the gaps, and there is no
indication of the time of operation. This systenthisrefore not remote and real time.

A different project is monitoring surge arrestaysd 154 kV transmission line that are
installed on the instrumented tower [15], [16]. Thstrumented tower is stuck by natural and
artificially triggered lightning. Lightning currerb the tower top and in the earth wires are
measured by the coaxial resistive shunts. The iigrrtirough tower legs and through line
arresters are measured by the impulse currentforamsrs. Overvoltage shapes on the
insulators string are measured by the standardtinesivoltage dividers. All signals are
transferred to the measuring unit by the fiberopiiks. Standard storage transient recorders
are used for the voltage and current shape reaprdlins necessary to come to the site to
transfer measured shapes to computer for analiysexefore this system is not remote and
real time as well.

Another project has for main purpose to measurbtigg current shapes to the
distribution surge arresters used for the distidsuttransformers protection [17]. Several
utilities have participated in it. Distribution asters used for the measurements are modified
for this purpose. Coaxial shunts for current mearsents and thin ZnO blocks for voltage
measurements are installed inside arrester houSitagndard transient recorders with 7 bits
analog to digital converters are used for the nremsent. Data from the transient recorders
are downloaded using a specially developed hardesadesoftware. One result of the project
is that 28 % of all currents through distributiange arrester had bipolar shape.

Finally, the interaction of rocket-triggered lightg with two un-energized unshielded
power distribution lines of about 800 m length v&isdied at the International Center for
Lightning Research and Testing in Florida [18]. Ttheted distribution lines are equipped
with six and four arrester stations. The totarent flowing to earth through the multiple line
groundings and the total phase-to-neutral currdentifig through the line arresters and line
terminations are measured using standard and casratheravailable digital oscilloscopes
with 12 bits vertical resolution. The main purpadgehis experiment is to check the lightning
surge energy capability of the distribution arresend the arresters disconnectors.
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[11.2. CONTRIBUTION TO THE ARRESTER MONITORING FIELD

The main contribution of this thesis is the devetept of a new arrester monitoring
system. Its advantages are presented below.

First of all, the real current shape dischargedugh the arrester is measured. Next to
the number of operations, current peak and duragmergy duty of the arrester can be
calculated as well for the first and subsequenbkss. This is possible thanks to the
introduced trigger acquisition algorithm.

Secondly, new monitoring system operates at distamd in real time, thanks to the
new possibilities in the data acquisition, commatian and power supply fields. This offers
a wide scope of advantages such as quick and easgsato the results, as well the device
diagnosis, software maintenance and upgrade.

Accurate timing of the monitoring system is poksibhanks to the permanent
connection to the mobile network. With this timings possible to compare recorded events
with the data obtained by relay protection systamwell the lightning location systems.

In order to validate the working principle of thew monitoring system, a remote
laboratory testing concept is introduced. It cassisf equipment such as generators
controllable at distance, adequate software deeeldpr that purpose, and digital cameras for
the remote viewing. This original testing simulatee monitoring system behavior in real
field conditions but also demonstrates that it fieatively working, as this was the case
during several conferences [31], [32], [33], [38EK].

The measured results and energy duty calculatiffies better understanding of the
real stresses the arrester is exposed to in seffAge information is of primary interest for
simulation software validation and for the correelection of the arrester.

Introduced monitoring system has been designee t&pplied to any transmission and
distribution line equipped with line surge arrestdt can be applied also to monitor station
surge arresters installed in substation.

System is installed in real field on the pilotdifor permanent operation. Two towers
are monitored with arresters installed on middld battom phases. First results are already
available.

Also future developments of the monitoring systeme @ossible thanks to the
technological breakthrough, since it is easily emstable. This covers topics such as
computer networks along overhead lines and upgradgisting equipment.
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[11.3. PRESENTATION OF THE NEW MONITORING SYSTEM

The new monitoring system is composed of the falhgwarts:

» Industrial motherboard as controller

* Acquisition card

e Sensors such as current transformer

e Communication unit

» Power supply based on solar energy

e Interference and weather resistive enclosure
e Software

A block diagram is described in Figure 3. Each led hardware parts are detailed
below, as well the software operating it.

Main Processing Unit: JEN Communication:
Fanless processor, Ram GPRS/EDGE, WiFi

— "\

Operating System on
Solid State Hard Drive 4 Channels ||< . Current
Client Application A/D Carc Transformer

Main Controlle

A 4

Antenns

Charge Controller,
Battery

A 4

Solar Pant

Power Supply

Enclosur

Figure 3 - Block diagram of the new monitoring syst
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System is designed to be installed on a high veltemgver. Illustration of this
installation is shown in the figure below.

Tower top

Phase conductor

Surge Arrester
Solar Panel

Ground lead
conductor

Controller,
charge
controller,
batten

Current

Transformer Antenna

EMC Enclosure

Figure 4 - Installation on tower of the new monitg system

[11.3.1. Description of the systems hardware

[11.3.1.1. Controller

The monitoring system controller is an industriatherboard. This main computing
unit is in charge of coordinating the differentksissuch as the acquisition of data and
communication over a network. Indeed it gathers dloquired shapes, stores them into
memory and the hard drive, connects to the sengtransmit them.

It is composed of a fanless processor, memory antpact flash card behaving as a
solid-state hard drive. Absence of fan avoids asly of mechanical failure of the system.
Indeed processor cooling is often mandatory for ¢cberect operation but the cooler can
sooner or later fail. Also with a low power proaasand without a rotating fan the overall
system consumption is reduced. Same advantageyg tppihe solid-state hard drive when
compared to the mechanical one. Heat generatiamepoonsumption and risk of failure due
to vibrations such as heavy wind are reduced.
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Chosen motherboard specifications are given iriadhke below.

Processor VIA Eden 1,5 GHz ULV (fanless)
Memory 1 Gbyte DDR2 533 MHz
Interfaces 1 x LAN

4 xUSB 2.0

1 x PCI
Power Supply 6 - 24 volts DC
Operating System Microsoft Windows XP, Vista

Table 5 — Monitoring system controller specificago

PCI Port

Figure 5 - Top view of the monitoring system cohémn

The PCI port enables the connection of the fastiattgpn card to the controller. The
presence of USB ports is important for the usagenobile and wireless communication
cards.
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111.3.1.2. Acquisition card

[11.3.1.2.1. Presentation

The acquisition card is connected to the PCI pbrthe controller. It acquires the
sensors data continuously and sends them to theotteris memory.

Chosen model name is PCI-DAS4020/12 from compangsdement Computing
[27].

Up to four input channels can be monitored with @aed. Each of them can be
configured independently. The acquisition speethefcard is 10 million samples per second
and per channel, which corresponds to 10 data gtékien in one microsecond. This is fair
enough to acquire in detail the lightning transiemtrent. Card input voltage range is -/+ 5
volts, with a maximum absolute of 15 volts. AnyHeg value may result in electrical damage
for the system. Vertical resolution of the cardls bits. When compared to the acquisition
speed, this parameter enables accurate resuttesasgbed in the next paragraph.

Analog inputs

Figure 6 - View of the acquisition card
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Detailed specifications of the acquisition card giken in the table below.

Number of acquisition channels 4

Acquisition speed (samples/s/channel) 10000000

Bandwidth 17 MHz

Input range (volts) Software selectable: -/+ 15-/+
Vertical resolution (bits) 12

Number of digital inputs/outputs 24

Table 6 - Acquisition card specifications
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Figure 7 - Monitoring system assembled

35



[11.3.1.2.2. Vertical resolution, input range and accuracy

For a given input range, the resolution definesrtimber of steps the acquisition card
can differentiate among that range. This numbealisulated with the following formula:

Ns = NbRes
Where:
Ns is the number of steps the card can differentiat
Nb is equal to 2 — this is different values eadlthn take, hence here 0 or 1.
Res is the resolution in bits

Equation 1 Number of steps acquisition card can differentiate

Therefore with a resolution of 12 bits, the acdiosi card can differentiate for an
analog input:

Ns = 212 = 4096 steps

But this value has to be correlated to the anaipgti voltage range. The accuracy of
the acquisition card, or the step between 2 ddtaesais given by the following formula:

Acc ==
cc Ns

Where:
Acc is the step between 2 data values
Rg is the analog input range

Equation 2 Accuracy of the acquisition card

For an input range of -5 to +5 volts, the acquisitcard has to differentiate values
among a 10 volts range:

Rg= +5— -5=10V
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And with a resolution of 12 bits, this would give an accuracy of:

Acc = 10 = 2,44 mV
CC = 100g = 244m

This value means that each data point acquiredhdéyard input will be a multiple of
2,44 mV due to the analog to digital processingsofdny smaller value will be digitized to
the closest step. An example of real voltages walpesented at the analog input and
measured ones by the card is given in the tabtabel

Real voltage presented at analog input (mVY)  Measent shown by the card (mV)

1 0

1,5 2,44

Table 7 - Analog input accuracy basics

This is however a theoretical accuracy of the aitjan card. In practice this value is
higher due to hardware limitations such as offsetreand gain error [27].

[11.3.1.2.3. Calibration of the acquisition card

Over time a well-known phenomena called voltagdt dsf the acquisition card
happens, resulting in an accuracy loss of the Af@cgssing [27]. In order to get precise
measurements again, it is important to calibrageatfialog to digital converters with a voltage
reference value.

In most cases acquisition card has to be calibratedy few months by connecting
each analog input to a fixed value voltage soufides is however very difficult in this
scenario since the monitoring system is installecdadiigh voltage tower inside an enclosure
and no intervention shall happen during months.

The chosen acquisition card has a so called adtioraiton mode. Thus there is no
need to connect an external voltage source tapisti This is also an important advantage of
this system since accurate measurements are possi® a long period of time without the
need to intervene on it for a manual calibration.

37



111.3.1.3. Sensors

111.3.1.3.1. Presentation

The current transformer is installed on the grongdead conductor. This is a cable
that connects the bottom base of the arresteret@yton. The same transient current flowing
through the arrester flows through this conduatasrder to divert it to the ground.

The proposed monitoring system can virtually ac@pt sensor at its input. For the
presentation purpose a single current transformedeiscribed below. Main reason of its
choice is that this sensor is selected for the fivanitoring system installation in real field,
and has been approved during simulations and ledrgreesting.

As shown in the simulation part below, no curreithve peak higher than -/+ 20 kA
can flaw through the bottom and middle phase argstor the chosen line configuration and
voltage level.

\

Current Transformer

Figure 8 - Side view of the current transformer
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The frequency of the current transformer is 4 MMdich is important for the
lightning transient acquisition.

The sensor has an output ratio of 0,025 V/A. Theans that for a current of 20 kA,
the voltage at its output is 500 volts. Howevercsirthe acquisition card has an absolute
maximum input of 15 volts, attenuators have to bedu Voltage dividers with a 100/1 ratio
are installed at the entrance of each input channel

The output of the sensor is connected to the atensiwith coaxial cable. A weather
and electromagnetic interferences resistant tub®isnted on this cable to protect it.

The chosen current transformer is the model nand@% &om the company Pearson
Electronics, Inc [28]. Specifications are giverthe table below.

Input current (kA) -/+ 20

Output ratio (V/A) 0,025

Useable rise time (nanoseconds) 100

High frequency 3dB cut-off (MHz) 4 (approximate)
Protection Double EMI shield
Output connector BNC

Table 8 - Current transformer specifications

It is important to note that 20 kA is the maximumput in the sense of linearity of the
output and not as an absolute value which may darttegysensor if reached. Therefore any
higher current will result in a higher output vgléaat the transformer end, but the ratio of
0,025 V/A will be incorrect.

[11.3.1.3.2. Acquisition accuracy at the current level

As described previously, the sensor of the momtpsystem is selected in order to
monitor currents from —20 kA to +20 kKA. At the seris output these values correspond
respectively to -500 volts and +500 volts. With th#enuation ratio of 100/1, this
correspondence is related to -5 volts and +5 \adltthe acquisition card input. Following
table describes the correlation between currentevat the sensor input and the voltage value
at the acquisition level.
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Current value measured (kA) Sensor output value (V) | Acquisition card input (V)
-20 -500 -5

-10 -250 -2,5

0 0 0

10 250 2,5

20 500 5

Table 9 - Current to voltage conversion

The -5 and +5 volts range corresponds also to &g input range. Therefore the
previous accuracy calculation at the acquisitiord davel can be applied at the current level
as well. Indeed the sensor has to monitor values #20 kA to +20 kA, which correspond to
a 40 kA range. And for this range, the acquisittand can differentiate 4096 steps because of
the 12 bits resolution. With the acquisition foraauh Equation 2 introduced previously,
accuracy of the card at the current level is thieong:

This value means that theoretically the card céferéntiate currents with a 10 A step.
It also means that any smaller currents will besadered as a 10 A one, or will not be
acquired at all (O A).

[11.3.1.4. Mobile Communication

The monitoring system communicates with the mamvesevia the mobile network.
Since the controller is installed on a high voltagerer in a rural area, the telecom base
stations are the most convenient provider for linis. This is mainly due to the immediate
availability of this network because the infrastuwe is already in place. However it has a
monthly fee per system to be paid to the telecosraipr. And another drawback is that the
reliability of this link is dependant of the mobpeovider network.

Although the fiber optic cable installed next te thhield wire is also present on most
of the high voltages lines, it is only possiblectmnect to it at a limited number of towers.
Indeed around every three kilometers a junction &eables the connection of any device to
the utility network. Main reason for this distansethe limited length of the bulk cable used
during the installation on the shield wire. Sincelyoevery tenth or fifteenth pylon is
communication ready and there is no guaranty thase towers are of interest for the
lightning transient acquisition, the fiber opticnemunication is not an option. Also it would
require some special authorizations from the igditin order to connect this third party
monitoring system directly to their network.
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The wireless communication is also possible buifgrice. It requires more time and
money for the installation but offers a much makable and faster link. Also past the initial
investment there is no more monthly fee to be paithe telecom providers since the utility
owns the network. Also the privacy of the data smaitted over this wireless link is total
compared to mobile network. Finally the speed otless network in terms of bandwidth and
response time is faster by a factor of 10 timess Type of communication is more detailed in
the future development chapter.

Components required for this link on the monitorsygtem side is a computer card
which behaves similar to the mobile phone. It h&M card inside which registers itself and
connects the controller to the network. The chasenlel is an USB card which supports
different protocols such as GPRS and EDGE.

Next to the mobile communication, a wireless casdalso present for backup
purposes. Indeed in case of failure of the prin@gnection, this one allows a short range
communication with a local user.

Local
Network

N Wireless card

Mobile card

Monitoring System

Telecom Base Station

Figure 9 - Monitoring system mobile communication
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Figure 10 - Top view of mobile communication cai@p] next to the wireless one (bottom)

Also another important requirement for this comngation card is the antenna. Indeed
it must be removable. Since the controller with tnebile card is installed inside an
enclosure, the antenna has to remain outdoorgder ¢o establish a quality link with the base
station. Therefore an outdoor model is used aretifon the tower, with cable connecting it to
the card.

This communication is important for the followingipts:

* Transmission of the acquired shapes from the mong®ystem to the server
* Synchronization of the time of all controllers watime server

And also some of minor points are:

* Remote update of the software inside the controller
» Diagnosis of errors if any, for the hardware anitivgare
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111.3.1.5. Power supply

Since the monitoring system is to be installecadnigh voltage tower, solar power is
the main power supply source.

Wind generator is also an option. However solarefsaare preferred because of the
price performance for this low power consumptiostegn and the ease of installation on high
voltage tower.

The solar power is composed of different elements:
* Solar panels

* Charge controller
* Battery

Each of them is chosen carefully depending of thh&gy consumption of the system as
well the solar region where the monitoring devisoi be installed.

Charge Controller Monitoring System

I
S+ & B+B-L+ L-

Solar Panel

Battery

Figure 11 - Solar supply setup
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Basic operation is described in Figure 11. The ghaontroller plays the major role
since at daytime it supplies the system and theedyatfrom the solar panel. At nighttime it
supplies the system from the battery. Also the gdaontroller can prevent the monitoring
system and the battery failure such as overchargisibonnecting them.

Power requirements calculation is detailed in AnhéxFor the selected monitoring
system, following solar equipment is chosen:

* Two solar panels with a nominal rated power of hats each
» Charge controller with 20 A maximum current
e 12V battery with a capacity of 200 Ah

[11.3.1.6. Enclosure

Most parts of the monitoring system are placedidesan Electromagnetic
Compatibility (EMC) enclosure. It protects themrfranterferences and weather conditions.
The enclosure is designed to be mounted on highg®ltower.

Devices that are remaining outside the enclosueetla mobile antenna, the solar
panel and the current transformers. Their cablgngrotected with proper flexible tubes that

are connected to the enclosure and grounded Regt of the equipment is placed inside the
enclosure.

[11.3.2. Software operating the monitoring system

The software is composed of a client applicatiat tk installed on the controller, and
the server program running on a distant computeeyTare related to each other since they
are communicating between them in order to exchdaggover a network.

The client application is in charge of:

» Getting acquisition data
» Transferring the data to the server application
* Warn server of any error

The server application has to:

* Gather the data of all controllers
» Display the data shapes
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Both of those programs are described below.

[11.3.2.1. Client side software

Each monitoring system is running on an embeddesloreof Microsoft Windows XP
operational system. This is mainly due to the fhat it has to be installed on a compact flash
card behaving as a solid-state hard drive, whiclHardess and low power consuming.
Nevertheless the embedded version is similar iotfanalities to the standard one.

Several applications are installed on the controf&st of all, a connection manager
application is in charge of connecting it to thelm® network. It registers the communication
card to the telecom provider, and maintains tm& Ibn all the time. Even in the case of
disconnection from the mobile network this progn@oonnects automatically the monitoring
system as soon as possible.

Then a remote client desktop software is instailedrder to be able to manage the
controller at distance. Indeed with this programsitpossible to connect remotely to the
monitoring system and execute tasks such as upfittte software, file transfer and reboot if
needed.

Finally, the main acquisition application is rungion the monitoring system. This
own developed program is detailed below.
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Listening On 3457 -1D0

r

| Status : Disconnected |

Figure 12 - View of the client application runniag the monitoring system

Main functionality of this client software is to qure the trigger event, such as
lightning transient, based on user-defined critelti& functionality can be divided in three

parts:

» Trigger event acquisition
» Data saving
* Shape transmission

Each of them is detailed below, as well some mfaoctions.

[11.3.2.1.1. Trigger event acquisition

The acquisition card is not able to automaticatiguare the right shape based on user-
defined criteria and save it to its memory. Maias@n is a hardware limitation and therefore
the software needs to recognize the transient eVérg is done with the following procedure.

First of all the acquisition card is acquiring dptants continuously and stores them to
the controller memory. Computer memory space ofutlt® Mbytes is reserved for this
operation, among the 1 Gbytes available for theherioard. The acquisition speed is of 10
Msamples per second and per channel. Since vergsalution of the card is 12 bits, this
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means that each data point requires 16 bits ofesftabe saved. Indeed computer memory
stores data as multiples of 8, thus 12 bits anedtas 16. Equation between byte and bits is
the following:

1 byte = 8 bits
Equation 3 Bytes to bits conversion

Therefore each data point saved requires 2 bymwiputer memory, among the 60
Mbytes reserved.

Allocated memory ste 2 bytes Allocated memory end

Block reserved

/ for one sample \

N

60 Mbytes

Figure 13 - Memory allocation for data acquisition

Thus a monitoring system acquiring samples willureg) the following amount of
memory space each second:

Mem = Cn = As * Ms

Where:

Mem is the memory space required per second

Cn is the number of channels

As is the acquisition speed per channel per second
Ms is the memory space required for one samplegtesb

Equation 4 Memory space required for data acquisition

47



For a 2 channels acquisition at 10 Msamples panraiaand per second speed:

Mem = 2 x 10000000 * 2 = 40 Mbytes

Therefore one second of acquisition requires 40 tstbyamong the 60 Mbytes
available. This means that the allocated memorgesgan hold 1,5 seconds of acquisition
data. Once this buffer is full, the operation stagain from the beginning, with new samples
overwriting the old ones. Although this reservedcseems low, it is sufficient for lightning
transients acquisition because even with multigléssequent strokes one full event doesn’t
exceed one second [3]. Monitoring system is readyctjuire a second event even if it occurs
immediately after the first one, as described below

It is important to underline that the controlleredaot function with analog values, but
digital ones. Indeed values such as 0,1 volts mavmeaning in the acquisition field. Analog
to digital conversion is described below. With atial resolution of 12 bits, the acquisition
card is able to differentiate 4096 values as deedrin a previous paragraph. This number is
correlated to the analog input range of the cardhsas -5 to + 5 volts. In the digital world,
this means that a -5 volts value acquired by thid carresponds to 0, and that +5 volts
corresponds to 4096. A more comprehensive tabii®finalog to digital conversion is given
below.

Analog value (V) Digital value
-5 0

-2,5 1024

0 2048

2,5 3072

+4,99 4095

Table 10 - Analog to digital conversion

This means that the majority of data points takgthle acquisition card under normal
operation will have a 2048 value, which correspaid3 volts measured. With the acquisition
error of few millivolts, this value can fluctuatetween 2044 and 2052. This also means that
for example thresholds of -/+ 0,1 volts corresptndigital values of 2008 and 2098.

The acquisition operation is active all the timediese no data must be lost and the
trigger event may arrive at any time. In order ¢quare the right transient, the application is
analyzing the memory buffer with some criteria, hcontinuously filling it with new
samples. At each time loop defined by a timer,evipus amount of samples up to the present
instant T are inspected. The next loop will analife points from this previous instant T to
the new one.
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First acquisition pass Data acquisition from card analog input to compuatemory

2048 2047 2048 2046 ... iy 2048

Second acquisition pass -> overwrite of previolussmiata

2047 2048 | 2048 2046 " " 2048 2046 2048 2049

Figure 14 - Acquisition process on memory

Typical timer loop is executed every 500 ms. Thsams that at the beginning of a
new loop, the client application will examine thewest 500 ms of acquired data into the
memory. At the same time and independently of theert loop, another function is filling
continuously the computer memory with the latesfuigition data points. Since the reserved
memory space can hold 1,5 seconds of acquisitis atso means that after 3 timer loops the
old data is overwritten forever by the new one.

During one timer loop of 500 ms, the controller hasanalyze latest 10 Msamples
hold in a memory space of 20 Mbytes. Inspectiotegs is the following: if the data sample
is higher than a positive threshold value, or lowean a negative threshold value, then a
trigger event has been detected. Indeed most dirtfeeunder normal operation, no current is
flowing through the arrester except the leakage émehe acquisition card level, passed the
current transformer output and voltage dividerss tlorresponds to data points with O volts
value.

If any data point is higher than a positive thrédhsuch as 0,1 volts, or lower than a
negative threshold such as —0,1 volts, then tlobalsly means that a current higher than the
leakage one has flowed through the arrester. Toweref the conditions of these threshold
criteria are met, a trigger event has been detected

Trigger criteria met

N

2048 2050 2072] 2105 2114 » 2048 2046 2048 2049

Figure 15 - Trigger conditions verified in memory
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Threshold value selection is also an important.tébnitoring system is designed in
the way that a peak current of 20 kA corresponds0 volts at the transformers output, and
5 volts at the acquisition card entrance thankiéovoltage dividers. Since the sensor and the
attenuators are linear up to that level, this aans that for example for a transient current
of 200 A, the monitoring system shall measure @d@lts.

However there are some limitations. With the chasetherboard processor speed, it
is impossible to analyze each sample among theili®ma in one second, in order to see if it
is higher or lower than defined threshold. Andhet same time the controller has to fill the
memory with new acquired samples. Therefore evdtySdmple is analyzed among the 20
millions, with this number being calculated in la@iry during processor load testing.
Typical value of N is 50. This fact leads to theesfion about the risk of monitoring system
failing to detect a trigger event since not eaamsegutive sample point is analyzed. Answer is
detailed below.

Nth data sample checked

A A S A A

2047|2048 ... .. | 2048| ... .. | 2049] ... ... | 2048| ... ... | 2048

Figure 16 - Nth sample check explained

If a trigger event appears, with the chosen actimnsspeed, not only one data point
will met the threshold criteria, but dozens of camdives ones. Indeed at 10 Msamples per
second and per channel, 100 data points are adqinrd0 us for each channel. A fast
lightning transient with very short rise time ofu$ and a 4us tail time will still present a
current shape of ds. With the defined card speed, thoses7are digitalized as 70 samples in
the memory. Therefore for this transient, at |e&8tconsecutive points might meet the
threshold conditions. Thus even if ever)}haample is analyzed in the memory buffer, there
is no chance to miss this trigger event.

Nth data sample checked

G NF N N

2047|2048| ... | 2050| 2072| 2105| ... | 2112] 2107| ... | 2048| ... | ... | 2048

| |\|

N samples met trigger criteria

Trigger identified by
software loop

Figure 17 - Trigger detection with the Nth samplegd
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Simplified own software function used for triggeatection is presented below.

Simplified trigger research function with:
* index -> memory position
» value(index) -> digital value contained at the meyrmosition index
* MaxPoints -> number of samples
* N-> Nth sample data to be checked
* LowThreshold -> Digital value of low threshold
» HighThreshold -> Digital value of high threshold

Private function FindTrigger()

For index = 0 to MaxPoints step N
If value(index) < LowThreshold then
FindTrigger = index
Elseif value(index) > HighThresold then
FindTrigger = index
End if
Next index

End function

Figure 18 - Software function for trigger detection

However it is also true that transient currentshwiéry low amplitude that have less
than 50 consecutive points meeting the threshatdriar may be missed. Nevertheless those
events are not of primary interest in the energy doonitoring due to their low contribution
to it. And with the technological breakthrough withnless processing speed improving
continuously, the defined N value is smaller andalten making successful acquisition
probability higher.

[11.3.2.1.2. Data saving

Once a trigger event has been detected, it is ifapbto extract all the data points of
interest from the memory and save them, before &éneyoverwritten after 1,5 seconds of new
acquisition data, or 3 timer loops.
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Data is saved by two ways, one based on computeranyeand second one on hard
drive disk file. Both are described below.

Memory saving

If a data point has met the threshold conditiongnduone timer loop, its position into
the computer memory is saved by a programming bigias well the accurate date and time
of event. No further steps are taken during thist fime loop analyzing 500 ms of acquisition
data. Also during this loop if a criteria data gdmas been found then the Nth sample point
threshold verification is stopped.

Previous timer loop

Data acquisition in progress Nth data sample checked

»

- Y AYAYAYAYAYAY

500 ms of data

First timer loop

Data acquisition in progress

»
L

AYAYAY
@

™

Criteria point found

Figure 19 - Acquisition data saving steps explai{i¢d)

Next time loop shall analyze the newest 500 mscquimed data. However since the
previous one has detected a criteria point, thep ldoesn’t consume the processor power on
inspecting every new Nth sample. Instead of thatraates a new memory space equal to the
acquisition one (60 Mbytes) and copies the wholguesition buffer to this one. This buffer
corresponds to the memory saving for this compeent. Processor has the time to copy all
the 30 Msamples because operations from memoryetoary are fast and not as consuming
as the threshold check function. Also since aboGbYtes of computer memory is available,
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dozens of those memory saving buffers can be adatére the need to start overwriting
them. What is included inside one of them is déscribelow.

First of all, a memory saving buffer contains tloenplete acquisition parameters that
are saved in order to remember them. This is usefaase that they are changed in the
meantime by server application. Also accurate datketime of the trigger event is contained,
as well the position of the criteria data pointigdesthis memory. This position inside this
saving buffer is the same to the one inside thaiiaitepn buffer since whole memory space
has been duplicated. Finally the whole 60 Mbytesdafa represent the 1,5 seconds of
acquisition.

However the samples hold inside have to be expdaiimeorder to not make confusion
between data acquired during one pass and the neswehich started to overwrite them.

For sure after the first timer loop, and during 8exond one, the memory saving
buffer has a defined structure and can be divideal3 parts:

» First part: The 500 ms of data that were checkeathguhe first loop contain the
criteria sample, and for sure there is no risk that part was overwritten by the
new acquisition pass. This is because they weredsitom the acquisition buffer
before a third timer loop during which the new asdion pass would start to
overwrite them.

» Second part: Next 500 ms of data are also safereprésent the continuation of
the ones of the first part.

* Third part: Last 500 ms of data is the most crititadeed during the memory
saving of the second timer loop, the monitoringteaysjust started at the same
time to overwrite data contained inside this pdracquisition buffer. Therefore
those 500 ms were not totally overwritten, but dotain at the same time some
new data which are continuous to the 500 ms on#dseafecond part, as well some
old data which are previous to the ones of the fiest.

Based on the previous statements, the memory séwifigr is rearranged. First two
parts are kept inside because for sure they cotttaircriteria point in the first half of it, and
its position is known.
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Second timer loop

Processor resources
freed for saving purposes Data acquisition in progress

| Pre points

1 second of acquisition data Data not yet overwritten
containing the trigger event by new acquisition pass

Figure 20 - Acquisition data saving steps explai{2£d)

Third part is not totally rejected however. Sinteontains for sure at its end some
data points which are previous to the criteria padihese samples are of primary interest.
Indeed with the Nth sample based threshold inspectf the first part contains the trigger
event at its very beginning, then the last poiffithe third part may also contain the very first
samples of the trigger event of just fas

Therefore a small amount of points are saved froenthird part end and are added at
the beginning of the memory saving buffer. Typialue of these pre-points is 10 tod§ or
100 to 150 data points for the chosen acquisitpeed, and corresponds to 2 to 3 times the N
value. They are considered as part of acquisiteta that might contain the early beginning
of a transient shape, but that was missed by thes&lnple inspection.

Thus the final memory saving rearranged buffer @ioist one second and fewg of
acquisition data, with the known position of théesta point that is hold in the first half of it.
Also it is sure that if this trigger event is vexd, it contains for sure the complete current
shape of the lightning leader, as well the oneghef subsequent strokes if any, in the
remaining hundreds of ms after the first one.

Memory saving buffer

Figure 21 - Memory saving buffer structure

It is important to note that this whole work of memy saving and rearrangement is
accomplished during the present timer loop, sudih@second one in this detailed case. This
way the next timer loop or the third one is comgieteady for new trigger searching with the
Nth sample inspection. If the threshold criteriarist again all the above process reapplies
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with the new second of acquisition data being samed new memory saving buffer. This
guarantees that no trigger event is missed suchrasecutives lightning strokes.

Third timer loop

Data acquisition in progress Nth data sample checked
_ aYaYaYavavaYey
O
Data overwritten Trigger research continues

Figure 22 - Acquisition data saving steps explai{8#d)

File saving

During the second timer loop event with triggeredéibn, a small file is also created
on the hard drive which may contain the most usgdut of the transient: the lightning leader
current shape. Based on the position of the caiteoint, several points before and after it are
considered. Pre-points are similar in number tooties introduced previously, and the reason
for this remains the same as the memory savingRPo&-points are also fixed to 1400 points
per channel or 14Qs of data which represents the possible duratioth@flightning leader
stroke when added to the pre-points. Thereforefilkisontains 15Qis of data per channel, or
1500 data points.

Its saving is possible regarding processor loadesiitne Nth sample inspection is
stopped after the first criteria point is found.eTiame of this file contains the most important
parameters such as the controller Internet Protaddress, date and time of event, trigger
channel and criteria point measured digital value.

Event file creation

‘file preview example
2048

150us of date
2105

Figure 23 - Event file structure
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The decision of the creation of this file on hartvel has several reasons. First of all its
small size which shall contain the most essental pf data enables easier handling in terms
of trigger verification by remote user than the pbdete memory saving buffer. Indeed it can
be transferred directly over the mobile network haded on its reading decision can be made
if the whole event contained in the memory saviatjds is of interest or not.

Other point is that in exceptional scenarios sushagpower loss or reboot of the
monitoring system, this file will remain on the Hairive for future reading, but the computer
memory saving buffers will be lost.

Also there is a limited memory space for the sawuffers which implies that they are
overwritten by new data sooner or later. On thewottand a hard drive of several Gbytes can
hold thousands of those event files.

Finally this file can also be considered as an @we of the successful trigger
acquisition, since it is clearly visible on the thadrive, which is not the case with the
computer memory buffers.

[11.3.2.1.3. Shape transmission

Once a controller has acquired a current shapefatms the server over the mobile
network. This information is based on Internet Beot data packets. Each of them has a fixed
size of 8192 bytes. This amount is not sufficienhbld a whole memory saving event and
transmit it to server since 1 second of acquisitlata with two acquisition channels acquired
at 10 Msamples per second requires 40 Mbytes. Tdrereseveral packets are exchanged
between the server and the client following a pdoice described below.

First packet sent from the controller to the sem@ntains the saved file name of the
event, as well its location on the monitoring systeard drive. As stated previously, this
name contains important information such as:

* Monitoring system Internet Protocol address, ireotd differentiate them
» Date and time of event

» Triggering channel

» Digital value of the criteria point

Therefore with the first packet arrival to the s\t already gives a preview of the
most interesting part of the acquired event. Basedhose information, remote user may
decide to download the complete event file.
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A typical file of 1500 data points per channeithitwo acquisition channels, requires
less than 50 kbytes of hard drive space, and igfinme sent in few seconds over the mobile
network.

Once requested by the remote user, the file i$ sBpBeveral packets of 8192 bytes.
First packet is sent from the monitoring systemthte server application. If its arrival is
confirmed, the sending of other parts of the Bl@ioceeded as well.

After successful transfer, the event file is retoyl the server application. The current
shape is displayed on the computer screen.
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Figure 24 - Example of shape display by serveriagipbn

If the event file seems interesting, remote usey meguest to receive the complete
memory saving buffer. In that case samples cordainethe memory are copied inside
packets as well, and sent one by one to the se®aene constraints apply as for the event file
sending, such as maximum packet size of 8192 bytes.

However due to the large amount of data to be geet the mobile network, some
additional functions are implemented. First of #lle packet transfer can be stopped at any
time if the remote user decides that the numbeaaiples received is satisfactory. Also some
compression functions are implemented in the clegoplication which can compress the
memory samples before splitting them inside pacKétsn objective is to reduce the size of
the data to be sent over the mobile network.
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[11.3.2.1.4.Other functions

A major function implemented in the controller Isettime synchronization with a
Network Time Protocol (NTP) server. Indeed nexthe real time current shape acquisition
and transmission from the controllers to the sentes also very important to make sure that
all of the clients have the same time clock, whatékie tower they are installed at.

First of all this precise timer data is saved witle trigger event once a lightning
current shape has been detected. Once the evamalized at the server side, and compared
to other data sources, such as a lightning detedystem, an accurate time of event is
preferable.

But this precise timer also applies to the syncization of controllers. Indeed two
controllers or more, installed on nearby towersy datect the same lightning event. This is
possible since several arresters installed on tpgkms may operate with the energy duty
sharing. Or if there is a time drift between twattollers of one second or more, this same
event might be registered such as two separatés\Vike two independent lightning strokes.

20/06/09
21:09:2°

20/06/09
21:10:45

Figure 25 - Time drift issues in the arrester maniity field
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In order to avoid this, each of the controllers dyonizes its timer with a remote
server. This enables the monitoring system to lepeecise internal clock that is also the
same for the other clients.

This process is based on an Internet Protocol paekd by the controller to the NTP
server, over any available network. In the respqasxket, the monitoring system receives the
current precise time of the NTP server. Then itchyonizes its internal clock with the
received data.

NTP Server
Monitoring System
Date and Time Request
! L1 !
: — 2009-06-20 18:32:52 |
i O > i
2009-06-20 :
i 18:32:52 !

Network (Internet or Intranet)

Figure 26 - Monitoring system time synchronizatwith a NTP server

[11.3.2.2. Server side software

A server application is also developed in ordelndadle several controllers. It runs on
almost any modern computer with Microsoft Windowseating system. Some functions
have already been presented in the client shapsniiasion part. However the server is also
in charge of other tasks.

First of all the server defines the acquisitiongoaeters and trigger criteria of each
monitoring system. Indeed the client applicatiofl wot start to acquire data until the server
sends it a data packet containing all of this imfation, listed in Table 11.

Also the server application may check at any tiheegresent measured value of each
channel of each controller by just sending a requeghe reply packet the client application
sends the date and time of acquisition as wellpitesent acquired value. This function is
useful in order to check if the monitoring systesnoperating correctly and that there is no
error or accuracy loss in the measurement.
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Parameter: Value (example):
Acquisition speed (Msamples/s/channel) 10

Number of acquisition channels 2

Input range (volts) -510 +5

Low threshold 2008

High threshold 2098

Nth point 50

Pre-points 100

Post-points 1400

Table 11 — Example of parameters sent by servdicagipn

The server can stop the acquisition as well, arsare it with existing or new
parameters, such as different trigger thresholds.

Finally along the possibility to display the recsiv current shape, the server
application can also export this data in a raw farsuch as a text file. Then third party
software may be used such as Microsoft Excel ferctirrent shape displaying.
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V. Simulation

Before the correct selection of the current sensas well the installation of the
monitoring system in real field, it is importantuse a simulation model.

A single shielded 123 kV line is modelised. Thielis similar to the Ston — Komolac
line which is located nearby the Dubrovnik cityGnoatia. Main reason for choosing this line
as the simulation model is that the developed manij system is to be installed on that line.

Therefore the different simulations are very impottin order to have a preview of the
real field current shapes which may flow througe #nresters. These results are used for the
selection of the current transformers based osr@isuch as maximum current input.

An insulation coordination study is performed wttie ElectroMagnetic Transients
Program EMTP_RYV. This Restructurated Version isvabt supported by a pool of utilities
such as Electricité de France and Hydro Québec,aimd to become the main software
solution for various fields of interest in the povemergy sector.

The study modelisation is detailed in Annex Illpfeview of the simulation model is
shown in Figure 27. Four towers are designed vattet number 2 being considered as the
one which is to receive the monitoring system.

Scenario 1: Lightning stroke at Shield Wire at middle of Span 2

TLM1 TLM2 TLM3

cp + cp + cp

T
q’ AC_a
Tower01

20 km long line

Span 1: 200m

models\ston_komolac_100m.lin

R

LINE DATA

Simulation
Options

£
LINE DATA Data function

models\ston_komolac_20km.lin

Figure 27 - EMTP_RV Simulation preview
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[V.1. SIMULATION SCENARIOS

Currents flowing through the tower number 2 amnitored. Three realistic scenarios
are performed in order to measure the current shaRealistic means that impossible
situations for this line configuration like the Higning stroke hitting directly the bottom phase
conductor are ignored. These scenarios are:

» Scenario number 1: Lightning stroke hitting the diedof the span 2 (between tower
number 2 and 3) at Shield Wire

* Scenario number 2: Lightning stroke hitting the Bowumber 2 top (so called direct
hit to the tower)

» Scenario number 3: Lightning stroke hitting the diedof the span 2 (between tower
number 2 and 3) at the middle phase

IV.1.1. Scenario number 1

In this scenario the lightning stroke of 200 kAshiihe shield wire at the middle of the
span number 2. This kind of impact is the mostisgalone with the direct hit to the tower.

STROKEOL

TLM4 TLM5

Span 2: 200m

Figure 28 - EMTP_RYV simulation preview of Scendrio
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IV.1.2. Scenario number 2

This scenario assumes a direct hit of the lightrgtigke to the tower number 2 top.
This event often produces so called backflashowengre the transient current is transmitted
from the tower to the phase conductors.

TLM2 TLM3

cp + P

Span 1: 200m

i STROKEO1

Tower02

TLM4 TLM5
cp + o3

Span 2: 200m

Figure 29 - EMTP_RYV simulation preview of Scen&io
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IV.1.3. Scenario number 3

In this case the lightning stroke bypasses theldhv@e and hits directly the middle
phase conductor, at the middle of the span numb&hi& event is called shielding failure.
However in this simulation case only a 20 kA cutnesak stroke is used. This is because due
to the Electrogeometric model, a higher currerdk&rcannot bypass the shield wire and hit
the phase conductors directly [3]. Therefore 200ligAtning stroke is not realistic for this
scenario.

STROKEO1

TLM4 TLM5

-

Span 2: 200m

Figure 30 - EMTP_RYV simulation preview of Scenaio
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IV.2. SMULATION RESULTS

The three previous scenarios are computed and uhents flowing through the
middle and the bottom phase arresters are meaatithd tower number 2. Main objective is
to get the shape profile of the current as wellpgsk since this is the data which is to be
measured by the monitoring system in real fieldaBation results are given in figures below.
Currents flowing through the bottom arrester arespnted in red and through the middle
arrester in blue.
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Figure 31 - Currents flowing through bottom and dfedarresters in Scenario 1
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Figure 32 - Currents flowing through bottom and dhedarresters in Scenario 2
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Figure 33 - Currents flowing through bottom and dhedarresters in Scenario 3

A summary of the simulated absolute current peskgvien in the table below.

Scenario 1

Scenario 2 Scenario 3
Bottom arrester 6703 A 15854 A 89 A
Middle arrester 7409 A 15843 A 8489 A

Table 12 - Absolute current peaks flowing througtesters for all scenarios
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Therefore even if for the three scenarios the oarshapes flowing through the
arresters are very different, some similarities lsapointed out:

* The current flowing through the bottom phase aereséver exceeds 16 kA
* The current flowing through the middle phase aeresever exceeds 16 kA

IV.3. FIRST CONCLUSIONS

Although not detailed in this chapter, it is im@ort to add that several other
simulations are performed. For example the studyireict lightning hit to tower number 2 is
extended (Scenario number 2) because it has theestigurrent flowing through studied
arresters. Tower footing resistance (Rtower) forpglons is varied and currents flowing
through arresters are observed. Table below sumesatie results.

Rtower = 60 Ohm

Rtower = 80 Ohm

Rtower = 100 OH

Bottom arrester

15854 A

17496 A

18379 A

Middle arrester

15843 A

17535 A

18007 A

Table 13 - Absolute current amplitude variatiorfuagction of tower footing resistance

However obtained results have only a minor impactttee simulations conclusions
presented below.

These conclusions are very important since theyrelaed to the correct current
sensor selection. Indeed the current transformbetmstalled with the monitoring system has
to fulfill the following criteria:

e Maximum input current of 20 kA
* Bandwidth of few MHz

* Rise time of fewus and less in order to correctly acquire transeeents due to
lightning with very small front time

Also the same conclusions apply to the acquisitamal, which has to:

* Acquire data at speeds of few samples per microgeroorder to get the detailed
shape of the lightning current
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V. Testing and Installation

V.1l. LABORATORY TESTING

In order to validate the simulation results, anébleethe real field installation, it is
important to test the monitoring system in labanat&pecial care is given to both hardware
and software aspects. Since the system is to Helleds on a high voltage tower, its
installation and maintenance is quite a difficak. Therefore in order to avoid any failure in
real field, laboratory testing is of first importan Several points are studied such as the
electromagnetic compatibility, acquisition reswdtsuracy, and software reliability. Different
scenarios are simulated thanks to the laboratanpetent.

The monitoring system is tested remotely in ordesimulate the real field behavior.
For this purpose a new approach is chosen witldéisggn of a remote laboratory [31], [32],
[33], [34], [35]. The configuration scenario is dabed below. Detailed pictures are presented
in Annex V.

V.1.1. Remote Laboratory Concept

An impulse generator is used for the laboratortirigsModel name is ECOMPACT 4
from the company Haefely EMC [29]. Main charactigei®f this generator is that it can fire
impulses from 0,2 to 4,2 kV. At the current levibis corresponds to a 2,1 kA maximum. A
positive and negative polarity can be chosen ak #Wislo several shapes are possible such as
the standardized 8/20s one [8]. This means that the current rises frota B,1 KA in 8us,
then falls to the half value of the peak (1,05 kA)20 us. This shape design is commonly
used in the arrester acceptance test. Other ckasids of this impulse generator are
presented in the table below.

Model ECOMPACT 4

Operating mode Burst impulse, surge impulse
Voltage range (kV) 0,2to0 4,2

Minimum duration between 2 impulses 10 seconds
Communication interface Serial (RS232, RS485)

Table 14 - Impulse generator specifications

The ECOMPACT 4 serial interface enables the softveantrol of the generator, thus
an impulse can be generated without the need iagefront panel buttons. Haefely EMC do
provide a program called EMV-Check for this purpo&kso a manual is provided with the
definition of serial commands to be sent to the 352ort of the generator and their effect on
it, such as the change of the peak value of thigadkshape or fire the impulse.
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However for the desired testing configurations sashthe automatic generation of
impulses with random peaks, own software is dewaof his program enables the remote
control of the generator over Internet. This cdmittion is mandatory for the success of the
remote laboratory work. Software source code ismgivm Annex VI.
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Figure 34 - Application developed for automatic ttohof Haefely ECOMPACT 4

Testing configuration for this remote laboratosy presented in Figure 35 and is
described below. The ECOMPACT 4 RS232 interfaceoisnected to a Serial to Ethernet
convertor. This device enables that the commandsabng the generator can be sent over
the network cable, since it converts them to th&kenes. The convertor is connected to an
Internet ready network port, enabling the remotatrad of the ECOMPACT 4 with the
developed software.

Output of the impulse generator is flowing througlturrent transformer presented
previously. This sensor has a 20 kA maximum pegakitimnd an output ratio of 0,025 V/A.
This current transformer is chosen for the moniigsystem testing since it is to be installed
in real field and simulations have validated it.

Since the generator can fire impulses of 2 kA, thaximum value corresponds to 50
volts at the current transformer level. Therefdterauation with a ratio of 1/10 is used for the
voltage dividers at the sensor output, in ordesrevent an overvoltage at the acquisition card
input.
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Figure 35 - Monitoring System Laboratory Testingupe
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The output of the voltage divider is split into twath a T-BNC. This is because the
ECOMPACT 4 only offers a digital display with soma&lues of the generated shape, without
its real profile. Therefore next to the monitorsygstem an oscilloscope is required in order to
see the generated shape. The voltage divider oigptinnected to the monitoring system
acquisition card on one side and to the oscillosaoput on the other one.

Oscilloscope is set into trigger mode in orderdquare the generated transient current
shape and display it.

The monitoring system is running with the clienpligation ready to acquire data. It
waits for the server command of acquisition paranseand threshold levels. Connection is
made to the Internet over the mobile network ineori send to the remote laboratory user
the acquired shapes.

Finally an Internet Protocol Camera is installedromt of the laboratory equipment
and is connected to the Internet by WiFi. It hasaalled Pan-Tilt-Zoom function enabling
its control and zooming at distance. Main purposéhe camera installation is to remotely
follow the experiment.

On a distant location, the remote laboratory us@onnected with its computer to the
Internet. Three applications are running on it.

First of all, the server application that defind® tacquisition parameters of the
monitoring system and the threshold levels as wHilis program is also in charge of
receiving the controllers acquired shapes and alyspd them.

Then the ECOMPACT 4 automatic control software tlogerates the impulse
generator is running as well.

Finally, the remote camera viewing program is useorder to follow the experiment
in real time and at distance. Also the oscilloscdplay is zoomed in order to compare the
acquired and received shape by the server applicatith the one generated in laboratory.

Several experiments are performed, and are deddoiew.

V.1.2. Lightning first leader acquisition testing

First experiment consists of the generation ofrglsi 8/20us impulse, with a low
peak current. This preliminary test is importanbimder to check that the remote laboratory is
operational with equipment responding to desiretiroands. Also the low amplitude of the
first impulse is used to verify that the chosere#iiolds are defined correctly. Indeed if this
generated impulse is acquired correctly by the toong system and sent to the server, all
the other ones with higher peaks shall be recomedvell. With this first test being
successful, the testing can proceeded with a miireudt task presented below.

72



Second experiment consists of random generatioougent shapes with different
peaks. This is possible thanks to own developetivaoé for the ECOMPACT 4 automatic
control. Several impulses with random current peastsying from 100 A to 2 kA are
generated. Duration between two impulses is alsfby the program. Main objective is to
make sure that the monitoring system will acquifeofithe impulses and send them to the
server over the mobile network.
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Figure 36 - View of the server application with sessful trigger arrivals

Experiment is satisfactory if at its end the numbieacquired shapes and received by
the server application is equal to the number ofegated ones. It is also important to see if
the results are accurate when correlated to theemutransformer output ratio as well the
voltage dividers.

Both of the experiments are successful and theteetaboratory operation has been
demonstrated during several conferences in re@ &nd at distance [32], [33], [34]. Detailed
pictures are presented in Annex V.
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V.1.3. Multicomponents acquisition testing

As described earlier in its characteristics, theOBMPACT 4 generator can produce an
impulse every 10 seconds. Its shape is similaheolightning current expected in real field.
Indeed in terms of duration and amplitude, the ggted impulse varies from 100 A to 2 kA
during few dozens of microseconds. But these paemneonly correspond to the first
component of the lightning. Although this primamyrient shape acquisition is very important
in terms of energy duty, other transients may o¢eurdreds of milliseconds after the leader
due to the subsequent strokes.

Introduced monitoring system has to acquire therwvels and therefore a different
generator is required for this purpose. It mustblke to generate two consecutive transients
every few milliseconds since this cannot be dorta Wie ECOMPACT 4.

The second impulse generator used for hardwarengest the DDS-3005 from
company Hantek [30]. It is a multipurpose arbitravgveform signal generator commonly
used in a laboratory. It can produce at its outpfferent voltage shapes such as sinusoid,
square, trapezoid or ramp. Also a user-defined feane can be generated. Main
specifications are given in the table below.

Model DDS-3005
Frequency 5 MHz
Amplitude 10 volts
Vertical resolution 14 bits

Table 15 - Arbitrary waveform generator specifioat

However this device doesn’t simulate the lightnshgpe in terms of amplitude since it
generates a voltage shape of few volts at its ¢ufdso the produced shape is not necessarily
similar to the lightning one. Nevertheless it candonnected directly to the acquisition card
for testing purposes without the current transforraed the voltage dividers. Main goal
remains the acquisition of two and more consecuthaulses with an interval of hundreds of
milliseconds, even though they are not similah®ltghtning current shape.

A simple sinusoid waveform is generated with peaki® of 5 volts and frequency of
5 Hz. Threshold is carefully chosen in order tggar only on specific parts of the generated
shapes, but every hundreds of milliseconds. Thisulsites the multicomponents of the
lightning with a typical duration of 100 ms and mdretween two subsequent strokes.
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Figure 37 - Generated shape for multicomponentsisitigpn testing

A typical threshold is just a single voltage vaheatow the sinusoid peak, such as 4,9
volts. Therefore the trigger criterion is met evayndred of ms and the monitoring system
has to acquire all of those events. This experinsesticcessful as well.

V.1.4. Accuracy of the measurement

Another point is the length of the coaxial cablenwecting the current transformer
output to the acquisition card. Five meters aralsece it is the maximum length that shall
be used in practice. This is a possible distanoh s1$ the connection of the system to a
distant sensor like the one monitoring the top pleasester.

The objective of the experiment is to see if therent transformer output ratio of
0,025 V/A is maintained at the cable end. For sisisnario an oscilloscope is used to measure
the voltage. An impulse of 1 kA is generated anadetated to the output ratio.

Although coaxial cable has a loss factor, the shealljth has almost no effects on the
results and shall not be taken into account fontleasurements.
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V.1.5. Mobile communication testing

The purpose of this test is to see if the monigpsgstem can communicate over the
mobile network with a telecom base station withdeéult internal antenna. Indeed since the
communication card is installed inside the EMC esagte, it is uncertain if the radio waves
will pass through it. Keeping this internal antemnauld be interesting because it avoids the
installation of an external one mounted on the towath additional cabling and transient
protection.

This experiment is realized by installing the moriiig system inside the enclosure.
Connection is made to the mobile network. Anotl@nputer is also connected to the Internet
in order to see if the monitoring system is onlifikis simple test is possible with a so called
ping command. Indeed if the second computer is ected, this software command gives this
information as well the traveling time of this datacket between the two devices.

root@sadovic:~# ping clientl.sadovic.com

PING clientl.sadovic.com (90.94.21.8): 56 data $yte
64 bytes from 90.94.21.8: seq=0 ttlI=111 time=548.4%
64 bytes from 90.94.21.8: seg=1 ttlI=111 time=69%.8%
64 bytes from 90.94.21.8: seq=2 ttlI=111 time=67Q.7F3
64 bytes from 90.94.21.8: seq=3 ttlI=111 time=651.86
64 bytes from 90.94.21.8: seq=4 ttlI=111 time=438.2%
64 bytes from 90.94.21.8: seg=5 ttlI=111 time=45@.8i5

--- clientl.sadovic.com ping statistics ---

6 packets transmitted, 6 packets received, 0% péuse
round-trip min/avg/max = 436.299/576.882/697.345 ms
root@sadovic:~#

Figure 38 - Mobile communication testing

Results of the simulation are the described beMiith the internal antenna, if the
system is kept outside the enclosure, the commumicauality is fine enough to allow
current shapes transmission. By closing the dewis&le, the link with the telecom base
station remains stable with a quality loss and ddpset on the antenna position. Therefore the
conclusion of this experiment is that the integiaiteternal antenna of the communication
card can be used inside the enclosure in ordestabksh a reliable connection with the
network. External antenna is not anymore mandatory.
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V.2. REAL FIELD INSTALLATION

The proposed monitoring system has the opportunitype installed in real field.
Chosen line is the Ston — Komolac one in Croatid, laas been introduced in the simulation
part. This first installation is of primary intetesince it enables to finally verify if the
monitoring system is working successfully and to ggal field results. Several steps were
necessary for the installation and are detailedviel

V.2.1. Tower selection

Two monitoring systems are installed on two towarthe Ston — Komolac line. This
real field application implies one system per pylBefore their installation the two towers
among the 144 available have been selected follpgame criteria.

First of all the results acquired by the existingmtors EXCOUNT-II from ABB
show which towers are the most affected by thetrigiy strokes. Useful information is the
frequency at which the tower is hit by the lightpiand with what current peaks. Also the
same data from the neighboring towers are of istere

Also the tower shall have at least two arrestestalled, one on the bottom and one on
the middle phase conductor. This is because thetommgy system can handle up to four
acquisition inputs, so it is interesting to acquimere data results with two channels rather
than one. However if the tower of interest has amg arrester but is heavily affected by the
lightning it is still possible to select this townend install one more arrester.

Third criterion is the footing resistance of thevew. The higher its value, the higher is
the probability of arrester operation due to ba#tibver. Previously measured values give an
idea of the footing resistance of each tower o$ fime, but this measurement is weather
dependant and not very accurate. Also this critehias already been taken into account with
the arresters installation and therefore the towetls two arresters are expected to have a
higher footing resistance.

Also some minor point is the proximity of a telecdmse station to the tower.
Although a range of few kilometers is enough fa@ tommunication between the monitoring
system and the server via the base station, a Btearof sight and shorter distances are
preferable but not mandatory. This can speed uprttival of current shapes for example.

Finally the ease of access to the tower by grosndonsidered. Installation line is
located in a severe environment with only a fewdmmsabeing accessible directly by road.
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Therefore based mainly on the first two criterig,veell the last one, the following
towers have been selected:

 Tower number 38
« Tower number 110

Some information concerning them is detailed inttide below:

Tower 38 Tower 110
Footing resistance 60,3 Ohm 30,2 Ohm
Arresters installed 2 2
EXCOUNT-II installed YES YES

Table 16 - Monitoring system installation towersada

V.2.2. Installation equipment

V.2.2.1. Current sensors

Current sensors from Pearson Electronics, Inc. bae installed around the ground
wire that connects the bottom base of the arrdgstehe tower structure. However several
points have to be considered.

First of all the chosen current sensor is not enplan type, thus it cannot be installed
directly to the existing arresters ground wire. sSThheans that the arrester has to be
disconnected first from the tower, in order to miotlve sensor on the ground wire. Only then
the arrester can be put back in operation.

Also the ground wire is quite flexible to allow th@ovement of the arrester around its
top base because of heavy wind in the region. Alghahis hanging is a good idea to prevent
the arrester mechanical failure like disconnectae to wind, it makes the sensor installation
more difficult. Indeed while surrounded by the ewtr transformer, the ground wire has to
keep its flexibility without damaging the sensor.

Finally the current transformer output cable hasegist interferences. This is done by
the installation of protecting cable around thextalaoutput, which is only grounded at the
enclosure end in order to prevent the flowing afuiced current. Also the sensor is installed
in the way that the output coaxial cable is in pardo the tower structure and therefore in
case of lightning current flowing through the pylaa the earth, interferences to the
transformer output are limited.
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V.2.2.2. Solar pane

Solar panel has also to be fixed strongly to thweetostructure due to heavy winds.
Also it has to be oriented to the south in ordemntprove its power output.

And even if snow is quite rare in the region, thesen installation angle of the panel
is quite important in order to avoid the possilidewanulation of snow on it.

Battery and charge controller are inside the ewmctsThe solar output is also
protected by the same protecting cable as for thesiot transformers ones. It is grounded at
the enclosure end in order to prevent the flowihgnduced current. A lightning arrester is
also installed inside the enclosure on the solaepautput cable in order to protect the charge
controller and therefore the rest of the equipment.

V.2.2.3. Communication antenna

Installation of external antennas, for the mobilel avireless communication, was
planned initially, and had to be fixed on the esale. Lightning arresters for the
communication cards protection were provided as. Wiglwever based on laboratory testing
results, the external antennas were not anymoredatary, and decision was taken to not
install them. Therefore both of the mobile and eise communications are based on the
internal antennas of the cards. This reduces th#beruof devices involved in installation.

V.2.2.4. Enclosure

The enclosure is installed on the tower structiires strongly fixed to it in order to
avoid vibrations due to wind.

The interior of the enclosure contains the follogvequipment:

* Acquisition system

» Charge controller

* Battery

* Voltage Dividers

» Lightning arrester for the solar panel
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V.2.3. Installation procedure

A major requirement for the system installatiorthat the line is not under operation.
Indeed present Croatian regulation forbids the live working. Therefore it was necessary to
obtain a time schedule when the system may bdlgstdwo half days were chosen, one per
monitoring device.

Maintenance team from HEP Transmission Split, thea@an utility, was in charge of
the system transportation and mounting. Both of ¢hesen towers are located in very
difficult access areas, with rock terrain.

Nevertheless the installation of the two monitorgygtems was successful. Detailed
pictures are presented in Annex VII.
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VI. Results and conclusion

VI.1. FIELD RESULTS

The monitoring system has already successfully ieedj@ransient current shapes. The
most interesting of them are presented below. Tisé dne has an absolute current peak of
1,26 kKA. This event was acquired on the 20 June® 20021:10:39 (GMT+1 time zone) at
tower number 38. Bottom phase is in red and middiein blue. Presented time step iu20
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Figure 39 - Real field transient current measurer(ies)

The second one has an absolute amplitude of 5,24 ks event was acquired on the
14 September 2009 at 05:35:34 (GMT+1 time zon&vaer number 38.

The third one has a smaller amplitude and shoreatibn compared to the previous
one. This event was acquired on the 06 Novembe® 20@9:17:28 (GMT+1 time zone) at
tower number 38.

The fourth one introduces the multiplicity. Thiseet was acquired on the 06
November 2009 at 10:32:13 (GMT+1 time zone) at tonenber 38.

The fifth one has an absolute amplitude of 1,69 KiAis event was acquired on the 05
January 2010 at 14:46:48 (GMT+1 time zone) at tavwenber 110.
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Figure 40 - Real field transient current measurer(@b)
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Figure 41 - Real field transient current measurer(&/b)
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Figure 42 - Real field transient current measurdr(@b)
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Figure 43 - Real field transient current measurer(t&/b)
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Table below presents monitoring system resultowet number 38 from the 28 May
2009 to the 23 June 2009. Only events with cunpeaks higher than 100 A are shown.

Date Time Peak (A)
2009-05-28 04:56:45 -205,07
2009-06-02 09:27:02 -683,59
2009-06-02 09:28:33 -253,90
2009-06-02 09:28:35 -634,76
2009-06-02 09:30:36 -117,18
2009-06-20 21:10:39 -1269,53
2009-06-20 21:22:21 -341,79
2009-06-20 21:25:59 -224,60
2009-06-20 21:27:53 -214,84
2009-06-20 21:29:45 341,79
2009-06-20 21:29:46 312,5
2009-06-20 21:31:57 -156,25
2009-06-22 06:24:27 107,42
2009-06-23 12:06:46 -107,42
2009-06-23 12:07:57 -146,48

Table 17 - Monitoring system results (Tower 38,d3a8 May 2009 — 23 June 2009)

ABB EXCOUNT-II results are also compared for thensaower and dates in order to
see if both of the monitoring devices have recorsiedlar events. Points of interest are the
date and time of the acquisition, as well the atagé of the transient current.

Date Time Phase Range (A)
2009-05-30 00:25:49 B 10-99
2009-05-30 00:27:22 B 1000-4999
2009-06-02 07:11:06 C 10-99
2009-06-02 07:12:39 C 10-99
2009-06-15 11:29:22 B 1000-4999
2009-06-15 11:29:23 B 10-99
2009-06-15 11:29:23 B 10-99
2009-06-15 11:41:04 B 10-99
2009-06-20 18:16:24 C 1000-4999

Table 18 - ABB EXCOUNT-II readings (Tower 38, Datg8 May 2009 — 23 June 2009)

First interesting observation is that it seems thah the monitoring system and the
ABB EXCOUNT-II recorded this same lightning evenitiwa current peak higher than 1 kA.
Phase is correct as well the date. However theadiime delay of nearly 3 hours between the
two results.
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In order to clear this difference between the itssaf both devices, relay protection
operations are compared for the considered linedates. They are presented in the table
below.

Date Time Fault Distance to Ston (kmp)  Fault DiseatecKomolac (km)
2009-05-28| 02:21:45 28,1 18

2009-05-28| 02:34:44 36,5 Not Available

2009-06-02| 09:28:45 26,7 Not Available

2009-06-20| 21:10:48 9,7 37

2009-06-20| 21:21:11 4,7 42

2009-06-20| 21:22:29 15,1 Not Available

2009-06-23| 13:38:55 46,5 2

Table 19 - Relay protection operation (Dates: 2& €309 — 23 June 2009)

Relay protection operation comparison gives reasonour monitoring system time
with a delay of 9 seconds.

Nevertheless it is not mandatory that the ABB EXQQOUWI delay is due to time drift.
This device might have been incorrectly configuneth its internal clock being synchronized
with a wrong time from the beginning. In all casdse NTP server synchronization
functionality of the proposed monitoring system Heesen successfully verified and the
acquisition results timing can be trusted.

Energy duty calculation can be computed for theviptes transient shape, as detailed
below. All the time - current values of that evané known. Equations 5, 6, 7, 8 are used.
Integration time step is of 100 ns and correspaindshe acquisition time step. Voltage
discharge curve of the installed arrester is ginehable 20.
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Figure 44 - Application developed for arrester ggeatuty calculation

Own developed simple software tool is used. It amstthe data points of the transient
shape as well of the voltage discharge curve ohetal energy duty for the bottom phase
arrester for the first transient event is calcwased is equal to 15,83 kJ. Same calculation
gives 61,49 kJ for the second transient event. [Dsimm is that those transient events have
not deteriorated the monitored surge arrester,doaseenergy duty tests in Annex Il.
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VI1.2. CONCLUSION

The proposed monitoring system has been succesdksdled in laboratory, and
managed to acquire real field transient currensaddired results are obtained from a real line
with real lightning activity. No artificially triggred lightning is involved.

Acquisition of the real current shape dischargedubh the arrester permitted the
calculation of its energy duty. This operation e all the time. With the number of
recorded events as well their quality, the devedopeggering algorithm operation is
successful.

Remote and real time operation offers several adgas in terms of the gathering of
results and system diagnosis. Both mobile and ®&seelcommunications are working
successfully in a high voltage environment, anthatsame time.

Monitoring system accurate time synchronizatios baen verified when compared
with the relay protection operation. Timing of tlaequired events can be trusted and
compared with lightning location systems.

Remote laboratory testing permitted the validatioh the monitoring system.
Experiments are operated at distance with remoit¢raoof the generation equipment and
viewing thanks to the cameras. Next to the tesbihgwn developed monitoring system, the
remote laboratory is useful as a promotion toopttential clients demonstrating that this
device is working.

Own developed applications for different purpose®lved in this monitoring system
have been successfully verified. This includeddient application for trigger detection, the
server application, the ECOMPACT 4 automatic cdnsoftware and the energy duty
calculation program.

The measured results and energy duty calculatifies better understanding of the
real stresses the arrester is exposed to in service

For the correct selection of arresters and vabaatif simulation software, much more
real field results are needed. This monitoring eaystenables their acquisition. Transient
shapes with high current amplitudes and longertaurare of primary interest for this, since
they produce a higher electrical stress to thestare

During the different phases of the development o tmonitoring system, new
knowledge has been acquired in various fieldshindcquisition field, special care has been
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given to the correct sensor and acquisition cafecgen, their calibration and the correct
installation of those sensitive electronics devices high voltage environment.

In the telecommunication field, it was important teake sure that the mobile
communication never fails otherwise the results lidvde unreachable.

In the solar power supply field, monitoring systbahavior has been observed during
summer and winter seasons and conclusions have bhemte regarding its correct
dimensioning in terms of rated power of the pangtgrge controller maximum input current
and battery capacity.

Finally software has been used extensively. Onsise the simulation programs were
of primary importance for the correct design of thenitoring systems, such as the current
transformer selection.

But also own developed software required programgmknowledge. Various
applications have been developed for the acquisibibtransient events, the display of the
acquired results, the calculation of line surgester energy duty and the automatic control of
a remote generator.

The new aim of this thesis work is the installatiohnew monitoring systems on
various lines all around the world. This would irope the general knowledge in the lightning
field by the increase of the number of acquirediltssn terms of quantity but also from a
gualitative point of view. Indeed the monitoringssyms may acquire transient events
affecting different line designs, but also the tighg parameters would differ for a given
region, such as polarity, duration, front time tidsition, multiplicity.

Next to the discharged current, other parameteng lmeamonitored as well. A short
term possibility is the upgrade of existing equipimsuch as the leakage current monitors.

Finally, the developed monitoring system is notydimhited to the line surge arresters.
Thanks to its data acquisition, computation and roomication possibilities, other devices
may be monitored by using the adequate sensons,asuthe current transformers. This is the
case for example for the station surge arrester.
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VIl. Future developments

The proposed monitoring system already operatesesstully in real field. However
there is still place for improvement, in terms ethnological breakthrough and installation
configurations. Several proposals are detailedvibelo

VIl.1. ARRESTER ENERGY DUTY SHARING

The proposed monitoring system permits to studyehergy duty sharing between
several arresters installed on few consecutiveeit@wdeally this can be done with two or
three systems installed on neighboring towers. &g to four acquisition channels can be
measured per system, three can represent theesrtdstach phase, and the fourth a high
current peak sensor installed on tower top. Thisssewould measure the total lightning
current flowing through tower.

Figure 45 - Proposed configuration for the studgméster energy duty sharing
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With this proposed configuration and the monitorsygstems, all currents flowing
through the towers and the surge arresters woulchdesured, in order to study the energy
duty sharing among them. This information is ofnary interest for the correct arrester
selection in terms of IEC Class.

VIl.2. GPSTIME SYNCHRONIZATION

Proposed NTP synchronization over the Internethef monitoring systems is an
acceptable solution in this scenario where botthefcontrollers are installed nearby in the
sense of the same transmission line, region, cpuwnitrtime zone. Also compared to the
existing devices such as ABB EXCOUNT-II, this meathghows clearly some advantages as
described previously. However for the future systiswelopment some points shall be taken
into account.

First of all, the NTP synchronization requires thetwork connection of the
monitoring systems to a common time server, overltiternet or the Intranet of the utility.
This implies that this computer is working continsty 24 hours per day and 7 days per
week. Also it shall have its own time very accurbtesynchronizing it with another NTP
server or by other methods such as GPS.

Utility A network Utility B network

GMT-5 ':':l eMT+1 | =
1
2009-06-20 L 2009-06-20
11:32:07 0 18:32:16 _O
Date & Time
Request Request

Date & Time

__________________________________________________________________________

Figure 46 - Time drift issues with monitoring systeinstalled for different utilities
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Also with the installation of several monitoringsggms on different transmission lines
for different utilities, located in different courds and time zones, controller's
synchronization might be difficult. Indeed in thase that some of them have access to the
Internet while others are connected directly toutikty network, each of these devices may
have to connect to different NTP servers. For exantpey may be a part of different
networks that cannot communicate with each otheh s$ utilities ones, because of security
and privacy purpose. But since two and more NTRessrdo not have necessarily the same
accurate timings, this may lead to a time drifilen the monitoring systems.

Therefore a better solution for the midterm is itmgividual time synchronization of
each monitoring system by GPS. This would guaraateaccurate timing for each controller
whatever the tower, utility, country and time zainis installed. Also whatever the connection
of the monitoring system to Internet or the utilitgtwork, GPS synchronization is an ideal
solution since it avoids time drifting issues wétkveral NTP servers. And even with GPS the
controller doesn’t need to be connected to a nétwat can work in a so called offline mode.

Since the main part of the monitoring system isitftistrial motherboard, the most
interesting GPS receiver is probably the one wi8Blport, since it allows easy connection to
the controller for the communication and power. Or@dquirement for the receiver is that its
antenna is installed outdoors and with no obstattese it.

: // Monitoring System

GPS receiver

Figure 47 - Monitoring system time synchronizatover GPS
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VII.3. WIRELESS COMMUNICATION ALONG TOWERS

Another point of interest for the future system eepment is the wireless
communication along towers. Indeed in present sd@oacontrollers are communicating
mainly over the mobile network, and this impliesngolimitations.

First of all, each monitoring system has to connecthe telecom provider base
stations with adequate modem and a SIM card. Thdsides some additional costs in the
terms of equipment required for mobile communicats well a monthly connection fee to
be paid per system.

Next to the price of mobile communication, anotbencern is reliability of the link.
Indeed monitoring system’s communication is depandd the telecom base station and if
this one fails because of lightning for example, tlontroller is not anymore accessible. Same
goes with connection parameters such as the apoasisname of the mobile network. The
monitoring system has to specify it in its softwameorder to connect to the right telecom
provider and therefore to Internet. If this providkecides to make some changes to those
parameters, connection to the controller mightds¢ dnce again.

Finally the privacy of transmitted data is anotissue. Although all the information
transmitted between the monitoring systems andsémeer can be encrypted over a virtual
private network, it is still travelling over thetérnet. And some utilities may consider this
type of data as confidential and therefore mobdmmunication using external networks is
not welcome.

Therefore in order to improve cost effectivenesdjability and privacy of the
monitoring system, wireless communication shaltieepreferred solution whenever possible.
Main goal is to connect the controllers directly ttee utility network. In that case two
scenarios are to be considered.

On one side, lines that are already equipped wiithr foptics network of the utility.
This is the case mainly with shielded transmisgdines where the optical cable is installed
along the shield wire. Connection to this cable dhedrefore to the utility network is
accessible on some towers with a junction box wileeefiber optics are cut and connected
between them. Typical section of this optical cabtethe distance between two junction
boxes is of few kilometers.
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Figure 48 - Fiber optics along a transmission line

On the second one, lines that are installed witfibetr optics cable. This is the case
mainly with distribution lines as well transmissilimes with no shield wire.

In the first scenario, wireless communication iguieed for the connection of the
monitoring system to the nearby tower with a jumctbox. At this tower, wireless signal is
converted to fiber optics with adequate modem rdeoto connect the controller to the utility
network.

gl ®

N
N
N

\ \ /

Monitoring system Wireless repeater Connection from wireless to
with wireless solar supplied utility fiber optic network
antenna

Figure 49 - Application of wireless communicaticexhto fiber optics
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In the second scenario, wireless communicationieagdlll coverage of the line from
the tower of interest to the nearest substatiomected to the utility network. In that case
several wireless modems are to be installed alloadjrie in order to transmit data.

Whatever the scenario, typical tower connectionnpaionsists of two wireless
modems. It is solar supplied with an overall powensumption lower than 8 watts. First
modem behaves as a client and connects this tawénet previous one. Second modem
behaves as a wireless access point and permit®timection to it of the next tower.

Since each wireless modem has a transmit rangefe &ilometers, the connection
points don’t need to be installed on each conseeutiwer. Only requirement is a direct line
of sight between the modems in order to maintago@d quality link. And since sections of
towers are aligned because of installation congaione wireless link between two
connection points can cover several towers at once.

\

Wireless repeater (access Wireless repeater (access
point to one side and point to one side and
client to other one) client to other one)

Figure 50 - Application of wireless communicatidarag whole line

Main objective is to install those repeaters aatstyic towers in order to link this
wireless network to the utility one, wherever iaiseady present through a junction box on a
tower or in a substation. Once the signal coveiagsatisfactory, monitoring systems can
connect to it by wireless with own modem, and comitate with the server.
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VIIl.4. EXISTING EQUIPMENT USE AND UPGRADE

For the future development of this type of monitgrione of the possibilities is to use
existing devices already installed in real fieldd aipgrade them with new functionalities.

This is the case of the surge counter devices antlauxiliary port such as the Tyco
SC13. Indeed its output connector gives the instadsurement of the total leakage current
of the monitored arrester. By connecting it as @seeto the proposed monitoring system,
instead of the current transformers, a much powesduice is designed.

For example, the communication capabilities of ¢batroller enable that the surge
counter data can be accessed over any availabdrketindeed the total leakage current is
acquired with the acquisition card through the Baryi port, and the resulting shape can be
received on demand or based on trigger criteriaebyote user. Main advantage is that there
is no more need to send a technician on site iardadread instant total leakage measurement
value on the surge counter screen.

Also triggering capabilities of the monitoring syt with its accurate time add new
functionalities to the existing device. In caseaofester operation, a more important current
than the total leakage one flows through the sucgenter. During this event, the
measurement at the auxiliary output is higher ttrenusual one. By selecting correctly the
trigger threshold values at the entrance of thaligden card, that arrester operation can be
registered thanks to the triggering function of thenitoring system. And that event is saved
with accurate time due to the controller’'s synclwation by NTP or GPS.

Therefore this upgraded monitoring device is abledgister the event of arrester
operation and this with accurate time. Number sthklarges can be counted by the controller
itself, and transmitted to the server applicativarahe network.
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VIIl. Summary

Line surge arresters are devices used to impromasmmission line lightning
performance. Electrically, they are installed irrgblel to the line insulators, with the main
function to prevent line insulation flashover. Théshnology is today used worldwide as a
standard solution for line lightning performancemavement of transmission and distribution
lines.

In Chapter Il electrical stresses a surge arresteexposed to were presented.
Lightning and switching overvoltages main charastiss were described in terms of
amplitude and duration. Then the line surge arrestes detailed, with special care being
given to its energy capability regarding the desagwl installation configuration. Lightning
parameters such as amplitude, duration, multigligblarity and distribution were described
as well and correlated to the energy duty of thesher. Topics such as correct arrester
selection for a particular line and validation oftevare simulation results were discussed.

In Chapter Ill existing surge arrester monitorireyides and current research projects
were studied. Their characteristics regarding tleasurement of the real electrical stresses
were underlined. Then the proposed monitoring systas been extensively described in
order to present the new possibilities it offerottB hardware and software parts were
detailed, with a special care given to the own e triggering algorithm for the
successful electrical stresses results gathering.

In Chapter IV a simulation model of a particularedwead line was designed and
results were presented regarding estimated stregsessurge arrester is exposed to.
ElectroMagnetic Transients Program (EMTP_RV) sofavhas been used for that purpose.
Results of this study demonstrated that for thagdesl line configuration, selected surge
arresters, their position and chosen lightning ip&tars, electrical stresses would be absorbed
successfully. This simulation was of primary intréor the correct design of the proposed
monitoring system in terms of current transformed acquisition card selection.

In Chapter V the laboratory testing of the monigrisystem was presented. This
included the remote control of the impulse generatmipment as well the remote viewing of
the experiment thanks to digital cameras. This imaiglaboratory testing was presented
during several conferences in order to demonstitagecorrect operation of the proposed
monitoring system.

Once successfully verified in laboratory, two morniitg systems have been installed
on a pilot line, which is very similar to the preusly simulated one. Therefore all the
conclusions made thanks to the software simulasiod laboratory testing apply for this
installation in terms of correct design of the ntoring system.
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In Chapter VI the first results acquired by the mvonitoring systems were presented.
Those real electrical stresses affecting the lurges arresters were measured in the real field
and are due to real lightning activity. Next to theeresting current shapes illustrated, arrester
energy duty was computed for each event thanksvtodeveloped application. Conclusion is
made regarding the arrester condition.

In Chapter VIl are introduced the next availabipstin the future development of this
monitoring device. This covered topics such as dgimal configuration of the system
installation, where line surge arresters on subssigtowers are monitored as well the tower
itself, and which may lead to interesting resultgarding the energy duty sharing. Also
hardware upgrade possibilities of the monitorinyicke were presented such as wireless
communication along towers and GPS time synchrdinizéor even more accurate results.

With this summary of all of the chapters, final clusions can be made regarding this
thesis work, and are presented below.

The proposed monitoring system has successfullyisedjreal field transient currents.
Measured results are obtained from a real line wéidd lightning activity. No artificially
triggered lightning is involved.

The measured results and energy duty calculatifies better understanding of the
real stresses the arrester is exposed to in service

For the correct selection of arresters and vabdatif simulation software, much more
real field results are needed. The proposed mamgosystem enables their acquisition.
Transient shapes with high current amplitudes anddr duration are of primary interest for
this, since they produce a higher electrical streske arrester.

Up to now and based on present real stresses reeasuts, line surge arresters
installed on the monitored line can be stated a®ctly chosen in terms of energy capability.
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X. Anhnhexes

X.1. ANNEX | —ARRESTER ENERGY DUTY CALCULATION

When the surge arrester operates, a transientntwshape flows through it. Energy
dissipated through the arrester is correlated i® discharged current in terms of amplitude
and duration. Indeed by integrating over time ttamgient shape profile, and if the current-
voltage characteristic of the arrester is knowsertergy duty can be calculated.

The energy duty of a surge arrester is given byethation below.

T2
E= f UIEOD = 1D)]de
T1

Where:

E is the energy dissipated through the arrester

I(t) is the lightning transient current shape value

U(l) is the arrester voltage value for given cutrérsed on its current—voltage characteristic
T1 is the lightning transient current shape staret

T2 is the lightning transient current shape encktim

Equation 5 - Energy duty of a surge arrester catmri

First of all, at each time step of the integratithe present absolute current value has
to be multiplied with its voltage value based om toltage discharge curve. Based on
Equation 5, arrester energy duty for the givengrdagon time step is calculated by the
trapezoid rule estimation formula below.

_ U(lie]) = lig] + U(ligra]) * liesal

E
t 2

Dt

Where:

E; is the energy duty in kJ between time step t afd t

Dt is the integration time step in seconds

it is the current value at instant t

U(iy) is the voltage value for given curreptdased on arrester current—voltage characteristic

Equation 6 - Trapezoid rule applied to energy di#llgulation at each time step
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Absolutes values of the current are used sincenieegy has a positive value even in
the case of a negative transient current.

However the voltage discharge curve table has igeldimumber of known values for a
given current. For each present absolute currelnieydts closest upper and lower currents
values are found inside this table. Then the imtetpn formula below is applied in order to
calculate the voltage for the given current:

uI2) — U(in)

Uil =—p—px

(|Ii]| — I1) + U(I1) ,withI1 < |Ii| <I2

Equation 7 - Interpolation applied to voltage dege curve

Therefore the total energy duty of the arrester lmartalculated, and is given by the
formula below:

Tmax

E= Z E; ,with Tmax = Trise + 2 * (Ttail — Trise)
t=0

Equation 8 - Total energy duty calculation

With a more realistic current shape, such as tles aequired in this thesis, the default
integration time step corresponds to the time efépe acquisition.

Line surge arrester used on the pilot line is |IH&3< Il gapless surge arrester having
the following voltage discharge curve, given indig51 and Table 20.

108



Voltage (V) Voltage discharge curve
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Figure 51 - Arresters voltage discharge curve examp

Current (A) Voltage (V)
0,001 152300
1 161900
10 186600
25 197300
50 205900
75 211200
100 214700
250 221200
500 229400
1000 239200
2500 252100
5000 274700
10000 291200
20000 323600

Table 20 — Voltage discharge curve data

109




X.2. ANNEX Il —SURGE ARRESTER OPERATING DUTY TESTS

Operating duty test is a very important test foe thrrester energy capability
assessment. The main requirement is that arresssep these tests without thermal runaway.
It is important that the arrester section beingeg$ias both a transient and a steady state heat
dissipation capability equal or higher than for toenplete arrester.

Very important parameter for the operating dutyt iesspower losses. Taking into
account that this test is performed on the newHlsloit is necessary to simulate influence of
the metal oxide blocks ageing in the service. Thidone by the introduction of the elevated
rated and continuous operation voltages (andU | ). These (elevated) rated voltages should
produce the same power losses on the new blocksrasal rated and continuous operating
voltages on the aged blocks. The procedure fod#termination of the elevated rated and
continuous operated voltage is described in IECO860(8].

The operating duty test consists of the followiegusences:

e Initial measurements

» Conditioning

* Application of impulses
 Measurement and examination

For IEC Class Il [like the one installed on theopiline] so called “Switching surge
operating duty test” applies. Test procedure isgmeed in Table 21. It is also graphically
presented in Figures 52, 53 and 54. The equivatgatted energy for the single impulses or
for the group of impulses for the considered aere@il,.q = 108 kV) is also presented on
these figures.
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Initial measurement: The lightning impulse residual voltage at nomipal
discharge current of each three test samples esrdeted
at ambient temperature.
Figure 52
Conditioning: First part of the conditioning:
- Twenty 8/20 lightning current impulses having alkpea
equal to the nominal discharge current are applied.
Figure 52 - The test sample energized at 1,2 times the coniguo
operating voltage.
- Impulses are applied in four groups of five impslse
- Interval between impulses: 50 to 60 s.
- Interval between groups: 25 to 30 min (no needateel
block energized during this period).
Figure 53 _Second part of the conditioning:

Application of two 4/10 100 KA high current impusse
Samples are not energized.

Cooling to ambient temperature before the segond

impulse.

Application of impulses:

Figure 54

The temperature of the complete section shall BE &0
3°C.

Two long duration (rectangular) current impulseshw

the peak values related to the line discharge .class
Time interval between the impulses shall be 5060ts.
As soon as possible (<100 ms) the elevated ratkagen

U, has to be applied for 10 s.

After 10 s of U, the elevated continuous operating

voltageU , is applied immediately for 30 min.

Voltage and current shapes are monitored during
application of the second impulse.

The current and voltage shall be registered coatisly
during the power frequency application.

the

Final measurement:

After the test sample has cooled to near ambient

temperature, the lightning impulse residual volt
measurement at nominal discharge current is pedorn

age

=

Table 21 - Switching surge operating duty test daselEC 60099-4 Standard
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NOMINAL CURRENT CONDITIONING:

[4 x5 X (k, 8/20us)]

. . | (KA)
In - Nominal discharge current:
L, [ :
In =10 KA ------------ :
i ; t(us)
RESIDUAL VOLTAGE 8 20
(I, 8/20ps) 1
50- 60 ¢ i
Ao e
START 1.2 * Ue 1.2 * Ue 1.2 * Ue 1,2 * Ue
>
_____ 25- 30 mir
[44,4 kJ] [222 kJ]

Figure 52 - Switching surge operating duty testmditioning
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HIGH CURRENT IMPULSE CONDITIONING: [4 x5 x (100 kA, 8/2Qus)]

| (KA)
10C [T :
| § t (1s)
R 4 10 A
FIRST IMPULSE SECOND IMPULSE
\4 A
NOVOLTAGE | ™ NO VOLTAGE
A
[9,7 kJ] -

COOLING TO AMBIENT
TEMPERATURE

Figure 53 - Switching surge operating duty tesghiturrent impulse conditioning
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APPLICATION OF IMPULSES:

1 (A)
500 A
t (us)
A A 2000us
RESIDUAL
FIRST IMPULSE | | SECOND IMPULSH VOLTAGE
(I, 8/20p)
NO NO Ur Ue END
VOLTAGE VOLTAGE
4 1 1 1 1 1 1
| - *-oooe- LOARRERES Preooooooooooooe e >
PREHEAT TO o Cae . |
o 50- 60 ¢ 0« 30mMIr 0601 TO AMBIENT
60°C+3°C TEMPERATURE
[229,4 kJ] [229,4 kJ]

Figure 54 - Switching surge operating duty testpigation of impulses
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Test evaluation:

The arrester has passed the test if thermal gtatsilachieved, if the change in residual
voltage measured before and after the test in hanhged by more than 5 % and if
examination of the test samples after the testalsveo evidence of puncture, flashover or
cracking of the resistors.

Energy duty:

The equivalent injected energy for the single irspalor for the group of impulses for
the considered arrester is given in Figures 52arB 54. As expected, the highest energy is
injected by the rectangular impulse [500 A, 20@§]. Taking into account that two
rectangular impulses are injected in short timetfwB0 - 60 seconds interval between
impulses there is no time for cooling) we can cdesthat the total energy injected by these
two impulses is:

W =2=%229,4=4588k]

So called ‘relative energy capability’ of the catesied arrester, expressed on the rated
voltage base is:

458,8
W, = o8 = 4,248 kJ /kVrated

For this IEC class the surge arrester manufactigelares relative energy capability of
5 kJ/erated
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X.3. ANNEX lll —SIMULATION STUDY WITH EMTP _RV

The simulation model includes four towers, with esmumber 2 being the tower of
interest where the currents flowing through thesters are being monitored. Each tower has
arresters installed on bottom and middle phasegllmes are used at the beginning and the
end of the simulated line in order to avoid refl@es. A voltage source is also used at the
entrance of the line.

Simulation parameters to be modelised carefully are

» Lightning stroke current shape and its point of aip
* Line model with phase conductors and shield wire
» Tower model with insulators

* Tower footing resistance

e Arrester model and position

Each of these models is detailed below in orderjusiify the accuracy of the
simulation with the selected parameters. Differesiies used for the modeling have been
calculated based on real parameters [36].

1. Lightning stroke modelisation

Lightning stroke is simulated as a current sourtéckvis connected to the point of
interest.

P1
B
STROKEO1

+

Istroke

Figure 55 - Lightning stroke model (left) and sutegit modelisation (right)
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As recommended by CIGRE [3], the following mediaaues shall be used for the
lightning stroke model:

e Front time: 3.8us

e Peak current: 33 kA
e Talil time: 75us

e Tall current: 16.5 kA

However, since the worst lightning case has toaert into account, the simulation
model has the following profile:

Front time: 4us

e Peak current: 200 kA
Tall time: 75us

e Tall current: 100 kA

Also the impact position of the stroke is studi®dveral cases are simulated:

Middle of the span at Shield Wire
* Tower top
Middle of the span at middle phase

2. Line model

TLM2

®
Q_
O_

Figure 56 - Line model
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Line model data is designed similar to the rea Bton — Komolac, which is a 123 kV
single shielded line supplying Dubrovnik city indatia.

Wire # DC Outside X [m] Y [m] Y at
Resistance diameter midspan
[Ohm/km] [cm] [m]
1 (Shield Wire) | 4 0.4555 0.9 0 28.9 21.3
2 (Phase A) 1 0.1444 1.708 2.5 22.7 14.1
3 (Phase B) 2 0.1444 1.708 -3 20.5 11.9
4 (Phase C) 3 0.1444 1.708 3.5 18.3 9.7

Table 22 - Input data for the simulated line

Span or line length between two towers is considleis a mean value of 200 meters.

3. Tower model with insulators

Tower

Tower is designed as a sub-circuit with insulatorggedances between phases and line
element as tower length. Several pins are sortétheusub-circuit in order to easily connect
an arrester in parallel to the phase conductofdatsts or measure the nodes voltages at some
interesting points.

Tower01

Figure 57 - Tower model
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Sub-circuit:

T1

+

L1

+

T2

Figure 58 - Tower sub-circuit

Example of data used in computations for the chtéeertower is given below:

e LO1 = 2.8e-6; // Inductance between GW & phase A (H
e L12 =1.37e-6; /] Inductance between A & B (H)

e L23=1.37e-6; // Inductance between B & C (H)

e LT =20; // Tower Length (m)

e ZT =184; /] Tower Impedance (Ohm)
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Insulators

Insulators are modelised as Air Gap elements.

Airl

~ o+

d
Cc

Figure 59 - Insulator model

Flashover occurs when the following integral becempeater or equal to D:

t
f (IVgap(®)| - Voydt = D
to

Where:
to is the time-point from whichgy, became greater than.V
Vo is the minimum voltage to be exceeded beforetapgkdown process can start.

When the voltage g4  goes below WY the integral IS reset.
The gap is an ideal open switch before flashover l@comes an ideal closed switch after
flashover. The gap stays closed after flashovel thet control signal becomes greater than 0,
in which case it will reset (open) the gap.

Equation 9 Air gap EMTP_RYV model flashover criteria

Example for a 1-meter long insulator modelisation:
* Vo =495000; // Air Gap Vo (V)

e K=1;//AirGapK
e D =0.2045; /] Air Gap D

120



4. Tower footing resistance

Non-linear soil ionization tower footing resistane®del is used [3], [5]. Note that
this model is much more realistic than a fixedsesice value.

GroundO1

—

o

X

+
/g”l

-

T

Figure 60 - Tower footing soil ionization model

This model is defined by the following equations:

) Rlc
Ri =
1+4)
( g
E
Ig = pLEg
ZHRi

Where:

Ric is the low current tower footing resistan€s (
Ri is the tower footing impulse resistan€®) (

p is the sall resistivity@m)

| is the impulse current (kA)

lg is the soil ionization limit current (kA)

Ey is the soil ionization critical electric field (Kw) - [E; = 400 (kV/m)]

Equation 10 Tower footing soil ionization
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Example of a 2@ tower footing resistance with a soil resistivify4®0 Qm:

Current (kA) Voltage (kV)
-100 -1247
-90 -1158
-80 -1065
-70 -966
-60 -861
-50 -748
-40 -626
-30 -494
-20 -348
-10 -185
0 0

10 185
20 348
30 494
40 626
50 748
60 861
70 966
80 1065
90 1158
100 1247

Table 23 - Current / Voltage characteristics oDd2tower footing resistance

The higher the current, the lower is the tower ifoptesistance. Indeed instead of a

fixed value of 20, tower footing resistance goes from @Q8or smaller kA currents to 1Q
for 100 KA.

Simulation data is based on real field measurenf@nthis line. Example of the
measured data is given in the table below.
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Tower Number Footing resistance (Ohm)
36 46,5
37 51,3
38 60,3
39 35,4
40 50,2

Table 24 - Tower footing resistance measuremennpia

For the different simulations, soil resistivity wasnsidered as equal to 30 times the
footing resistance. For example, the following ihpiata was used for the tower footing
resistance model:

« RLC=60; /I Tower footing resistance (Ohm)
« ROhmm =1800; // Soil resistivity (Ohm-m)

5. Arrester model

Zn0O +
Zn02_c

Figure 61 - Arrester model

Arrester model data is taken similar to the aemsstised on the Ston — Komolac line.
Sediver is the manufacturer of the arresters. Ghossdel reference is IEC Class Il and it has
a voltage rating of 108 kV, with the following Cant/VVoltage profile:

Current (A) Voltage (V)
1000 239000
2500 252000
5000 275000
10000 291000
20000 324000
40000 357000

Table 25 - Current / Voltage characteristics ofglmeulated arrester
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Since the monitoring system is to be installed le tbwers with two arresters to get
more results, the simulation model includes toweth two arresters.

Connecting the arrester to the desired phase okdétected tower is as simple as
connecting its both ends to the insulator pins.ekample of a simulation tower equipped
with two arresters (bottom and middle phase) isgmeed below.

Tower03

Zno +1
ZnO3_b

Zn0O +
Zn03 ¢

Figure 62 - Tower model equipped with arresterbattom and middle phase

6. Others

Voltage Source

Voltage of the line is modelised by an AC voltagerce at the beginning of the line.

C-)+

AC a

Figure 63 - Line source model
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Long lines because of reflections

Long lines of 20 km are used at the beginning @iedend of the tower network in
order to avoid reflections. Same line model is usetbr the spans between towers.

Smulation options (time step & duration)

Simulation time step is set to 50 ns, and simafatiuration is 10Qs.

Full scale simulation model

Scenario 1: Lightning stroke at Shield Wire at middle of Span 2

TLM3

TLM2

TLM1
3 cP cP

cp

. Tower01
20 km long line Span 1: 200m
AC_b
m
/L AC_c
a
Q
N
models\ston_komolac_20km.lin g‘r?vu'anon models\ston_komolac_100m.lin
" ptions W
g 24 5t
/% Ground01
LINE DATA
LINE DATA Data function

Figure 64 - EMTP_RYV full scale simulation previepa(t 1/3)
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X.4. ANNEX IV - MONITORING SYSTEM SOLAR POWER REQUIREMENTS
CALCULATION

This annex details the calculation procedure reguiior correct selection of solar
panel nominal power, battery capacity and chargerclber current input and output levels,
based on monitoring system power consumption.

First of all, the main controller which consiststbé industrial motherboard, memory
and compact flash disk requires 14 watts under .|0Hds is the maximum power
consumption which corresponds to the board processming at full speed. Next to the
controller, the acquisition card consumes 8 waditss is only valid when two acquisition
channels are used. Four acquisition inputs reaqipréo 10 watts. Finally the communication
card for the mobile network requires 2 watts wkgading and receiving data. Therefore for a
typical monitoring system designed to monitor tvegusition channels such as two arresters
on a tower, the power consumption is given in #ise below.

Controller (board, memory, hard drive) 14 watts
Acquisition card 8 watts
Communication card 2 watts
Total power consumption 24 watts

Table 26 - Typical monitoring system power consuarpt

This system has a power consumption of 24 watts.

Since the monitoring device is supplied by 12 vBIE, this means that it requires 2 A
per hour. This information is very important in tb@&rect selection of the solar panel, battery
and charge controller.

With the total power consumption known, the easmmtameter to define is the
battery. During night time, the monitoring systesrekclusively supplied by the battery. Thus
for half of the day, or for 12 hours without sume fpower requirements are the following:

2% 12 =24 Ah

Theoretically this means that a battery with a céapaf 24 Ah and more would be
enough to supply the system during nighttime. H@vean important parameter to take into
account is the discharge frequency. This is because the new generation of solar batteries
using the Absorbed Glass Mat (AGM) technology hdisnded lifetime. Indeed the number
of discharging cycles and the percentage of thiy diéscharge compared to total capacity
determine the number of days the battery can opefat example of this lifetime expectancy
is given in the table below.
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Discharge percentage Number of cycles
10 5000

25 2000

50 1000

80 600

Table 27 - Typical lifetime of an AGM battery

Therefore the higher is the capacity of the battdrg higher is its lifetime. Thus for a
monitoring system consuming 24 watts, a batterG0ff Ah shall guarantee proper operation
during few years.

Next to the battery, the solar panels have to bmetk They have a double function
while the day is clear. They have to supply thaesysduring the 12 hours of daytime. But
also at the same time they have to resupply thieryaso the system can operate during
nighttime. Both of these operations are simultaseand are controlled by the charge
controller.

In order to determine the nominal power of the isganels, next to the power
requirements of the system it is important to krtbe solar value of the installation region.
This number is easily found with several solar m&mnsidered region has a solar index of 3.

The monitoring system consumes 24 watts. Therdéor24 hours it will require:
24 x 24 = 576 W
Daily consumption is around 600 watts.

In a region with a solar index value of 3, this wbuvequire solar panels with the
following nominal power:

600
? == 200 w

In order to obtain 200 watts of nominal power, salvpanels can be combined such as
2 panels of 100 watts for example.
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The last device to determine is the charge coeirdll is defined by two parameters:

e Maximum current at its input (coming from the sglanel)
* Maximum current at its outputs (monitoring systemd &attery)

A 12 volts solar panel with 200 watts nominal poweoduces a current of 16,7 A
during the peak of the day. Therefore the maximaput current of the charge controller
shall be 17 A or more.
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X.5. ANNEX V —L ABORATORY TESTING

The following annex presents different picturestié laboratory testing for the
lightning first leader and multicomponents acquosit

el L
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- ' ¥ F

Standard Oscilloscope

Figure 67 - Laboratory setup for the ECOMPACT 4egated shape acquisition

130



E— —

s TEm

Mu-

if i
lhh 3
ncale

Volts / Div

100 MHz

200 MSarss

HEWLETT 64645A
PACKARD OSCILLOSCOPE MEG‘@(’HH}L

-}

VERTH

e e e ) o e e - I ay

Pasition & &

*® o ®
3 N2 kHe <

N5

3125

| B 3 & 9 12 15 18 A M XN XN B X ¥ QK B KN M ST B0

T fus)

Figure 69 - Current shape acquired by the monigosystem and transmitted to server
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Figure 70 - Multicomponents acquisition test setup
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X.6. ANNEX VI — ECOMPACT 4 AUTOMATIC CONTROL SOFTWARE SOURCE
CODE

This annex gives the complete source code of th@MEACT 4 automatic control
software. Programming language is Microsoft Vids@asic 6.0.

Public Sub procWaitTimer(sngWaitForSeconds As %ingl

Dim Start

Start = Timer

Do While Timer < Start + sngWaitForSeconds
DoEvents

Loop

End Sub

Private Function Haefely Fire() As String

Dim SendString As String
Dim EndStringl As String
Dim EndString2 As Integer
Dim EndString3 As String

SendString = Chr(&H34) & Chr(&H41)

SendString = SendString & Replace(Format(tbxaye. Text, “0.00"), ",", ".")
SendString = SendString & Format(tbxCountertT¢00")

SendString = SendString & Format(tbxPhase. T@0")

SendString = SendString & Format(tbxRepTimetTé00")

EndStringl = Format(tbxVoltage.Text, "0.00")
EndString2 = Val(Left(EndStringl, 1)) + Val(MiEndStringl, 3, 1)) + Val(Right(EndStringl, 1))
EndString3 = Hex(229 + EndString2)

SendString = SendString & EndString3 & Chr(&HD)

Haefely Fire = SendString

End Function
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Private Function Haefely Protocol_On() As String

Dim SendString As String

SendString = Chr(&H34) & Chr(&H79) & Chr(&H41 Chr(&H44) & Chr(&HD)

Haefely Protocol_On = SendString

End Function

Private Function Haefely Protocol_Off() As String

Dim SendString As String

SendString = Chr(&H34) & Chr(&H61) & Chr(&H3%® Chr(&H35) & Chr(&HD)

Haefely Protocol_Off = SendString

End Function

Private Function Haefely Stop_1() As String

Dim SendString As String

SendString = Chr(&H34) & Chr(&H53) & Chr(&H38 Chr(&H30) & Chr(&H45) & _
Chr(&H38) & Chr(&HD)

Haefely_Stop_1 = SendString

End Function

Private Function Haefely Stop_2() As String

Dim SendString As String

SendString = Chr(&H34) & Chr(&H53) & Chr(&H3® Chr(&H30) & Chr(&H45) &
Chr(&H37) & Chr(&HD)

Haefely Stop_2 = SendString

134




End Function
Private Function Haefely Surge_Plus() As String
Dim SendString As String
SendString = Chr(&H34) & Chr(&H4F) &
Chr(&H30) & Chr(&H30) & Chr(&H3) & Chr(&H31) & _
Chr(&H30) & Chr(&H30) & Chr(&H3) & Chr(&H30) & _
Chr(&H30) & Chr(&H34) & Chr(&HPp
Haefely_Surge Plus = SendString
End Function
Private Function Haefely Surge_Minus() As String
Dim SendString As String
SendString = Chr(&H34) & Chr(&H4F) &
Chr(&H30) & Chr(&H30) & Chr(&H3) & Chr(&H30) & _
Chr(&H30) & Chr(&H30) & Chr(&H3) & Chr(&H31) & _
Chr(&H30) & Chr(&H34) & Chr(&HPp
Haefely _Surge_Minus = SendString
End Function
Private Function Haefely Surge_Off() As String
Dim SendString As String
SendString = Chr(&H34) & Chr(&H4F) &
Chr(&H30) & Chr(&H30) & Chr(&H3) & Chr(&H30) & _
Chr(&H30) & Chr(&H30) & Chr(&H3) & Chr(&H30) & _

Chr(&H30) & Chr(&H33) & Chr(&HP

Haefely Surge_Off = SendString
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End Function

Private Sub Haefely Send_Command(ByVal SendStrin&thing, ByVal TimeToWait As Single)

Winsockl.SendData SendString

procWaitTimer (TimeToWait)

End Sub

Private Sub cmdSurgeMinus_Click()

Winsockl.Connect

Call Haefely_Send_Command(Haefely_Protocol_Qf)()

Call Haefely_Send_Command(Haefely _Surge_Minug()

Winsock1.Close
End Sub

Private Sub cmdSurgeOff_Click()

Winsockl.Connect

Call Haefely_Send_Command(Haefely_Protocol_Qf)()

Call Haefely_Send_Command(Haefely_Surge_Of),

Winsock1.Close
End Sub

Private Sub cmdSurgePlus_Click()

Winsockl.Connect

Call Haefely_Send_Command(Haefely_Protocol_Qf)()

Call Haefely_Send_Command(Haefely_Surge_PIla3(),

Winsock1.Close
End Sub
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Private Sub Form_Load()
Winsockl1.Close
With Winsock1
.Protocol = sckUDPProtocol
.RemoteHost = "10.243.128.140"
.RemotePort = 2005
End With
End Sub
Private Sub Haefely Start()
Winsock1.Connect
Call Haefely_Send_Command(Haefely_Protocol_Qr)()
Call Haefely_Send_Command(Haefely_Fire(), 0.1)
Call Haefely_Send_Command(Haefely_Protocol_Qr)()
Call Haefely_Send_Command(Haefely_Stop_1(), 0.4
Call Haefely_Send_Command(Haefely_Protocol _Qt)()
Winsockl1.Close
If chkAutoFire.Value = Checked Then

procWaitTimer (Val(tbxSecondsToWait. Text))

If chkRandomPeak.Value = Checked Then
scrVoltage.Value = 200 + Rnd(4200 - 200)
tbxVoltage.Text = scrVoltage.Value / 000

End If

Call Haefely_Start

End If

End Sub

Private Sub cmdStart_Click()
Call Haefely Start
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End Sub

Private Sub cmdStop_Click()
Winsock1.Connect
Call Haefely_Send_Command(Haefely_Stop_2(), 1)
Winsockl.Close

End Sub

Private Sub cmdQuit_Click()
Winsock1.Close
End

End Sub

Private Sub Form_Unload(Cancel As Integer)
Winsock1.Close
End Sub

Private Sub scrVoltage_Change()
tbxVoltage.Text = scrVoltage.Value / 1000
End Sub

Private Sub scrPhase_Change()
tbxPhase.Text = scrPhase.Value
End Sub

Private Sub scrRepTime_Change()
tbxRepTime.Text = scrRepTime.Value
End Sub

Private Sub scrCounter_Change()
tbxCounter.Text = scrCounter.Value
End Sub

Private Sub Winsockl_ DataArrival(ByVal bytesTota Bong)
Dim data As String
Winsockl.GetData data

End Sub
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X.7. ANNEX VII —MONITORING SYSTEM INSTALLATION IN REAL FIELD

The following annex presents several pictures a thonitoring system first
installation in real field.

Figure 71 - Difficult access area to towers
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Battery

Figure 72 - Interior view of the EMC enclosure
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Current transformer ‘/ L
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Ground lead conductor

Figure 73 - Current transformer installation over ground lead conductor
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Figure 75 - Solar panel view
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Figure 76 - Monitoring system successful instadiat{1/2)

Figure 77 - Monitoring system successful instadiat{2/2)
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