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FOREWORD

For the trumpet will sound, and the dead will besed imperishable, and we will be
changed. For this perishable body must put onrtigerishable, and this mortal body
must put on immortality. Now when this perishabigspon the imperishable, and this
mortal puts on immortality, then the saying thawvigten will happen, Death has been
swallowed up in victory.” Where, O death, is your victory? Where, O deatlyoisr
sting? The sting of death is sin, and the power of sithie law. Buthanks be to God

who gives us the victorthrough our Lord Jesus Christ! (Corinthians 15)

God of Abraham, Isaac and Jacob created the nemsysiesm of human beings. The
analogue to the network automation protection sysgesometimes presented. The hu-
man nervous system includes the brain, spinal ¢bednervous system outside the spi-
nal cord and the peripheral nervous system. A hgdluman being does not feel pain.
In the case of an injury in the outer parts thevoes system can also transfer informa-
tion from the skin of fingers or of toes. If thepadility of the human nervous system
was compared with the distribution automation systé could be said that DA can

only detect the headache or heartache. In othedsydhe fault recognition in the sub-

station can sense some faults in the medium vohageork. Thus, there is a lot im-

provement to be made in distribution automatiortt@way to fingers and toes. | sin-

cerely hope you will enjoy reading this book.

Kuorevesi, Finland, Anno Domini MMXIII

Johan Nyberg
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TIVISTELMA

Tassa tyossa tarkastelen sahkonverkon jakelumuoidamja pienjanniteverkon auto-
maatiota. Tyo liittyy verkostoautomaation ja verkshallinnan kehittamiseen. Kasitte-
len myoOs tutkimus- ja kehityshankkeiden maarittetgdkevassa kartoituksessa havait-
tuja tulevaisuuden verkoille asetettuja tavoitteBaomen sahkonjakeluverkossa auto-
maatiota on kaytetty lahinnd sahkoasemilla, keskifg@johtolahtdjen kaukoero-
tinasemilla ja 2000-luvulla jalleen keskijannitejoliihdoilla valikatkaisijoissa. Tyon
tavoite on sahkonjakeluverkon hallintaan kaytettdaétomaation laajentaminen muun-
tamoille ja pienjanniteverkkoon.

Tyossa rakennan kuvaa tulevaisuuden séhkdverkomrooista esittamalla katsauksen
viimeisimmista kansainvalisista tutkimustuloksigsa suomalaisissa jakeluverkkoyhti-
Oissa kaydyista keskusteluista erityisesti jakeluntamoiden ja pienjanniteverkon hal-
lintaan kaytettdvan automaation osalta. Tyossédtkés jakeluverkon hallinnan nykyti-
laa ja tulevaisuutta, erityisesti jakelumuuntamaigke pienjanniteverkon vikojenhallin-
nan osalta. Tuon esiin vaihtoehtoisia ratkaisujpgeannuksia erilaisiin jarjestelmatoi-
mintoihin seka esitan parannusten tuloksia visgasli ja valvomokéayton kannalta esi-
tettynd. Esitettyjen jarjestelmatoimintojen, kuteaukokayttd, viantunnistus ja suojaus
sekad kehittyneiden kommunikointitekniikoiden, aaulbn mahdollistaa parantaa sah-
konjakelun laatua, luotettavuutta ja turvallisuui@ujarjestelmat ja rakennusautomaa-
tiojarjestelmat mahdollistavat jakelujarjestelmampariston paremman seurannan ja
toimenpiteiden kohdistamisen ja ajoittamisen. Uatémmintona esitan kaytontukijar-
jestelman valvontakerrosta, jota voidaan kayttéagénekiksi luukkujen, muuntamon
ovien valvontaan néin parantaen henkiloturvallisuja verkkoon tehtyjen muutoksien
jaljitettavyytta.

IP-arkkitehtuuri on yleistymassa séahkdverkkojedigsiirrossa. Tydssa olen kuvannut
jakeluautomaation tietoliikennetekniikan ja tietatekan nykytilaa ja standardeja. Tar-
kastelen IP-pohjaisten protokollien, kuten IEC 618& tiedonsiirtotekniikoiden kehi-
tyksen suuntaviivoja muuntamokaytén ja hallinnamriata. Standardeja noudattava,
luotettava, joustava ja suorituskykyinen tietolikejarjestelma mahdollistaa tytssa esi-
tetyt uudet jarjestelméatoiminnot, hajautettua séhdiantoa tukevan informaatiojarjes-
telman ja jarjestelmien toimittajariippumattomarytén.
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Tutkimus onnistui hyvin tavoitteissaan tuoda egakelumuuntamoiden ja pienjannite-
verkon hallintaan kaytettdvan automaation mahdalksia. Tutkimus tarjoaakin teolli-
suudelle ja sahkoverkkoyhtidille innovatiivisia aita jarjestelmien kehittamiseen.

AVAINSANAT: jakeluautomaatio, keskijannite / pienjannite muargapienjannite-
verkko, sahkonjakeluverkkojen tietoliikenne
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ABSTRACT

The distribution automation of distribution transfer stations and of low voltage grids
are discussed in this licentiate thesis. The thagis at developing distribution automa-
tion and management. It also discusses the obgscsigt for future networks, found in a
survey defining research and development projéet&inland, distribution grid auto-
mation has been used mainly in substations, in unedioltage disconnector stations
and in the 21st century again in intermediate ve$c The objective of this thesis is to
extend the automation used in distribution manageneeMV/LV transformer stations
and to low-voltage grids.

| have presented a vision of the functions needetie management of future MV/LV
transformer stations and LV grids. The vision isdzhon the latest international re-
search on distribution automation, and on discussigith the representatives of Fin-
nish distribution network companies, focusing esgcon automation used for the
management of MV/LV transformer stations and L\MigriThe present state and future
of the management of the distribution grid is dssad, with the focus on the fault man-
agement of MV/LV transformer stations and LV gritdisvill bring up alternative solu-
tions and improvements on a variety of distributaartomation functions and present
the results visually from the perspective of theragion in the control centre. The dis-
tribution automation functions presented, suchamote control, fault detection and
protection, and advanced communication technigonedke it possible to improve the
power quality, reliability and safety of distribati of electricity. Auxiliary systems and
building automation systems enable a better mangoof the environment of the dis-
tribution system and the targeting and schedulingi@nagement procedures. | suggest
that a building automation monitoring layer be atittethe NIS/DMS system as a new
function. The layer can be used for the monitofidiatches and doors of the trans-
former station, for example. This improves the safé the personnel and civilians and
the traceability of changes in the network.

The IP architecture is gaining ground in the comization of electrical networks. |

have described the present state and standarde ahformation and communication
technology of distribution automation. | have sadlthe development trends of both IP-
based protocols, such as IEC 61850, and commuoicggchniques from the perspec-
tive of the operation and management of transfoisteions. A communication system
that complies with the standards and is relialdslile and efficient enables the system
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functions, the information system that supportsrifhsted generation, and the vendor-
independent use of systems.

The study fulfilled its objectives of presentinganpossibilities of distribution automa-
tion in the management of distribution transformeitions and low-voltage grids. The

study offers innovative ideas for the developmdrthe systems to industry and distri-
bution network companies.

KEYWORDS: communication of electric networks, distributiort@uaation, low-
voltage grid, medium voltage / low voltage transifer station
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1 INTRODUCTION

This thesis discusses the distribution automatiof) (including information and com-
munication systems that utilize information con@egnmedium voltage / low voltage
(MV/LV) transformer stations and LV grids. The tefd® includes remote coordinate,
real time and remote control requirements. Theegfonly local systems are excluded
but information and communication systems are ot This thesis aims to introduce,
analyse, enrich and process new ideas. The reseltsew distribution network operator
(DNO) DA functions, which are crystallized visualtythe form of schematic diagrams
of management system programs, i.e. supervisoryralaand data acquisition applica-
tion (SCADA) and network information system / distition management system ap-
plication (NIS/DMS). The study also contains a lfirésnnish DNO review, providing
empirical facts and introducing changes taking @lacthe MV/LV transformer stations
and LV grids management of the DA of Finnish DN@shough the Finnish system is
focused on, the results from international studiles,ideas, functions and results pre-
sented are applicable to a large extent in the nmityjof European distribution grids, for

example.

The topic of this thesis, an intelligent and fldgiklistribution automation system of the
future and the part of this distribution systemt tisacloser to MV and LV customers,
can be understood by examining a simplified distidn system diagram presented in
Figure 1. This distribution system consists of éhectric energy distribution network
and the distribution automation system, which idekl also communication network.
Control centre with its distribution managementteyss is presented on top of the fig-
ure. The control centre is the command post foroterdistribution automation and field
operations and the information processing centnerdfore, the automation systems are
connected to information systems of the controkterewvia the communication network.
In this thesis the role of IP-network is emphasiZéte MV/LV transformer stations are
supplied from HV/MV substation. The relays in thenpary substation are important
information sources about the status of the MV éeeat present. In future, distributed
generation and energy storages supply part ofdta¢ énergy via transformer stations

or via LV grid or locally via the networks of custers. The distributed compensation
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of reactive power and filtering of harmonic freques can take place with the energy
storages or separately. The topology of the MV pétvis usually meshed, but it is used
as radial in Finland. Spare connections from nesginly transformer stations can be
built also to the LV network. Fault recognitionufaisolation, feeder reconfiguration,

reserve power supply and supply restoration invodeote and manual operations tak-
ing place in MV/LV transformer stations and in LYids. The automation presented can
enhance this. Also, by monitoring information abthé status of the shown active net-

work can be received.

=2 2 &2

DNO CONJROL CENTRE -~

communication network
electric network

cable cabinet

reserve 0.4 kV

Figure 1. An intelligent and flexible distribution automati system that utilize in-
formation from MV/LV transformer stations and LVigyr

1.1 MVI/LV transformer stations and low voltage grids

From the perspective of LV consumers transformegicsis and LV grids are the nearest
part of distribution network. The distribution nettk is in turn a part of the electric
power system, which consists of power plants, tergrid, regional networks, distri-
bution networks and connections of consumers aftretéy. The main grid in Finland

is part of the Scandinavian synchronous area, wihidides Finland, Sweden, Norway
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and eastern Denmark. The distribution grid is cetegkeither directly to the main grid
or to a regional network and the connection takasepat the primary substation, i.e.
high voltage / medium voltage (HV/MV) substatioRingrid Oy 2011)

The MV feeders are protected by protection relayshe primary substation. These
modern computer-based protection relays have armriant role in the distribution
automation scheme as they enable many automatrantidans, which also give a basis
for the classification presented later. The MV freklays are used primarily in protec-
tion, fault management, remote control and morfitoctions. Tens of MVAs of elec-
tric power can flow through a single MV feeder t&/MV transformer stations, which
supply thousands of urban customers with eleggridihus, the importance of MV/LV
transformer station and low voltage automation tredresearch of this topic may raise
some doubts. A single MV/LV transformer failure sas interruption usually only to
tens or some hundred of customers, but a faultMivdeeder can cause the feeder relay
to trip and switch off the supply of the entire M¥eder. Therefore, MV/LV trans-
former station automation, low voltage grid autaoratand transformer station building
automation applications, are now seen as addifilthough distribution automation at
present is focused to MV grid management, in theréuenhanced management is
needed. This enhanced management should makesibjgoo better protect, monitor
and control the MV/LV transformer station, low \axde grid and enable the safe con-
nection, interaction and energy supply of distralienergy resources, which are con-

nected to different voltage levels of the distribotgrid.

In rural areas MV overhead lines and pole-mountadsformers, with ratings from 16
to 300 kVA, are still typically used in Finland. Wovoltage feeders are connected to the
pole-mounted MV/LV transformer station and thesedfgs are protected by fuses. LV
feeders are used to supply electricity to custometisin an approximately 500-meter
radius from the transformer. A change in the stmgciof the rural network is taking
place in Finland. Due to storms some DNOs now canstabled MV lines worthwhile,
despite the higher investment cost (Seppalda 2008y miniature on-ground MV/LV
transformers are used to transform the voltagd feom the cabled MV feeders to the
cabled LV grid. Still, the overhead distributiontwerk, built between 1965 and 1985,



15

form the typical rural grid in Finland (Nurmi 201Ihe need to replace the aging net-
work, storms and regulation incentives may motiw@3 to build cabled rural distribu-
tion networks. Still, because of the high investiewsts, low density of customers,
high capacity of overhead network, and in somesatea harsh ground conditions for
cabling, the overhead MV network are considerethgdtin some areas by some DNOs
at present. However, because LV network cablingoist-efficient and MV network
structures vary, a mixture of pole-mounted and ugd transformers and a mixture of
cabled and overhead networks exist in Finnish ramaas in future. (Lakervi & Holmes
2003: +18)

In urban areas underground medium voltage cabléefee usually with the voltage
level of 10 kV or 20 kV, are connected to MV/LV misformer stations, rated usually
from 200 to 1500 kVA. In city areas a MV/LV transfoer station usually contains a
ring main unit, which enables medium voltage switghoperations. Therefore, it can
also be called as a secondary substation. Thesa tndnsformer stations can be placed
inside multi-storey buildings or they can be lodaie separate buildings near the sup-
plied real-estates. In this thesis the transforsteions inside buildings are called build-
ing transformers and those on-ground transformegiosis in separate buildings park
transformers. The latter type | will classify irttoree different types: walk-in type, those
without an entry and miniature rural on-ground p@gksformers. The cabled LV feed-
ers of the MV/LV transformer station are connead@éctly to buildings or cable cabi-
nets. From there they branch to other cable cabimeto connections to the buildings.
In cable cabinets and in MV/LV transformer statiovi cabinets the cables are pro-
tected by fuse-switches. The transformer sizeschosen based on consumption esti-
mate and they will usually be overrated to withdtannsumption peaks, harmonic load
currents, due to the uncertainty of the consumpgi@wth estimate and in some cases
in order to supply the neighboring LV grid segmeeetg. in fault or replacement situa-
tions. (Lakervi & Holmes 2003:-118)
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1.2 Distribution automation and communication of MV/lthAnsformer stations and

LV grids in literature

The term Distribution automation (DA) was originyaihtroduced as early as the 1970s,
but was defined by the IEEE in (Basset, Clinardai@ger, Purucker & Ward 1988) in

1998 as follows:

“A set of technologies that enable an electrictytidd remote monitor, coordi-

nate and operate distribution components in a teak mode from remote loca-

tions'.
Northcote-Green and Wilson have analysed the IEEBEdm in (Northcote-Green &
Wilson 2006). The distribution management systelf) is presented. In this thesis
also the term NIS/DMS is used when a single a et#thautomated mapping / facilities
management / geographic information system (AM/FI8)Gapplication is discussed.
This single application is not the same as the DMDsystem definition. DMS in
(Northcote-Green et al 2006) refers to multipleteys and corresponds to the DA sys-
tem definition. In addition to DMS, the term Distition Automation system (DA sys-

tem) term is also used. A further analysis of thed2finition contains the following:
- the term coordinate refers to automation,
- the term real-time refers to a 2-second resptimsg and

- the terms remote monitor, coordinate and opeeftr to DA devices that are

remotely controlled (Northcote-Green et al 2006).

The umbrella term DA does not define LV-automatibeeder automation and home
automation are both included in DA. Therefore, tdren DA must be extended in order
to include distribution automation used in MV/L\atisformer stations and in LV grids.
This can be done assuming that the DA definitigpliap from its previously introduced
respects e.g. real-time and remote control and toxamg respects. The focus of this
study remains the same in this classifications ibm local or remote functions that util-
ize information from MV/LV transformer stations ah®/ grids. MV/LV transformer
stations and LV grids systems are vital parts efdistribution network and thus for a

good reason to be included in DA. Also, communamgtiwhich enables information
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flow between the different locations of the DA distition management system, is to be
included in to the new extended definition.

Over the years the definition of DA has changedwltanges in the information, auto-
mation and communication technology used by distitin facilities. Also, a new term
Advanced Distribution AutomatiqADA) has been introduced by the Intelligrid prje
and used in publications by EPRI, for example iRRE2004). The introduction of the
term ADA originally aimed to frame the research jeuats of the project. However, it
has also been widely adopted. The ADA used by nialigrid project deals with im-
provements e.g. in data preparation in near-reatioptimal decision-making, and the
control of distribution operations in coordinatiasth transmission and generation sys-
tem operations. The Intelligrid project has introed many intelligent functions for fu-
ture intelligent grids, which are needed to bett@nage e.g. demand response, distrib-
uted generation, demand side management and sdifidpegrid. Because these func-
tions are targeted to manage customer systemshwhitirn are connected to MV/LV
transformer stations and LV grids, | assume thatftimctions introduced by the Intelli-
grid project will eventually increasingly utilizéné information from MV/LV trans-
former stations and LV grids and increase MV/LVAauation. (EPRI 2004)

The functions performed by DMS can be classifiedeagralized or decentralized. Fur-
thermore, in document (Northcote-Green et al 2006) class remote operational is
separately presented. Functionality is a set oftfans that can be installed in the DMS
(Areva-TD 2008: 422441). In distribution automation the main automatfanctions
can be classified as monitoring, control and ptatedunctions. The main functions of
monitoring are recording meter readings, systetust@nd abnormal conditions events.
The switching operation is central in control fuant It can be found also in secondary

substation e.g. in MV switchgear remote operatiBasset et al 1988)

When the previously mentioned function classifizasi are applied to distribution man-
agement processes involving transformer statidregin be stated that DA functionality

could be implemented in the following ways:

- locally, e.g. a protection function in the prdten relay,
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- remotely, e.g. an operator-originated switch kirga command using the
SCADA system, and

- in a centralized manner, e.g. SCADA system-odtgd switch breaking

command (Northcote-Green et al 2006).

The distribution grid communication platform codid seen as a puzzle, which includes
an MV/LV transformer station, long distance linkinpary substation and control centre
pieces. In addition to the previous pieces, the ARIEC communication and other new
LV grid communication, e.g. AMR GPRS communicatiorgy be regarded as separate
pieces. The AMR PLC communication can be included an the MV/LV transformer
station piece, which is the case with the AMR Plddeentrator. In general, communi-
cation can be categorized as the communicationvofdirectly connected devices, of
long distance networks or of local area networkal([Bgs 2004). Communication can
also be implemented wirelessly or using opticatapper wire. A mixture of these is
used by DNOs in different applications and in dif@ parts of distribution network
automation. Also, communication protocols vary iffedent types of communication.
Some protocols used are specific to electric ndissgommunication, others are com-
monly used in ICT systems, but still in both casgesfunctional principle of a protocol
is to determine architectural principles and medmanto exchange data (Stallings
2004). Ethernet and IP protocols are increasinggdualso in distribution network
communication applications. Therefore, the architecand working principles of these

protocols define the communication in the distriditcommunication puzzle.

1.3 Distribution network companies, component manuf@rsy customers and regu-

lator

Electricity produced in power plants is distributedthe customers of DNOs through a
property, which is also called the distributiondyrThe term customer refers to an en-
ergy consumer connected to the distribution grid paying DNO for energy transfer-
ring, called distribution tariffs. However, in theture the customers will not be only
consumers of energy, but also either suppliermefgy, possessors of energy storages
or manageable loads or both. They may control theireration based on control sig-
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nals. In Finland the distribution companies aremyaowned by local energy compa-
nies, but they act as independent distributordb@ih the local owner energy seller, lo-
cal energy producers and remote energy companid&sDprovide services for these
companies, such as energy measurement servicebDigtn companies should act as a
neutral party between consumers, energy sellerspardlicers and provide equal ser-
vice for all concerned. (Helen 2010a)

Manufacturers make distribution automation comptsiand distribution, consumption
and generation components for their customers. elhemponents are used by DNOs
and their customers. A component can be of a sMyAV transformer of transformer
station or compact MV/LV transformer station, fosaenple. Standards are used in order
to ensure compatibility, operability, safety andalify. MV/LV transformer stations in-
tended for European markets should conform thedarals such as IEC 61330, IEC
60529 and in Finland also to the electrical safeulations e.g. SFS-EN 6000, SFS-
EN 6001 (2001) + Al (2005). In addition, there specific standards for power quality
and for information and communication systems (IGAich are introduced in Chap-
ters three and four. Manufactures have to pay t@dteno customers” requirements of
less network construction, maintenance and operatitorts and costs and at the same
time take into account new improved reliability asafety, and low environmental im-
pact level demands. (Cormenier & Dides 2003; T4¥7))

The Finnish Energy Market Authority (EMV) supenasselectricity transmission and
distribution in Finland. Distribution network compas are responsible for the con-
struction, maintenance and development of distiebuhetworks in the area where a
DNO possesses a license granted by EMV. In additidhat, DNOs have an obligation
to connect consumers and supplier to the distobugrid and transmit energy to and
between them. The Finnish Energy Market Authorgyplanning new guidelines for
regulation for the years 2022015. Incentives are designed in order to speeukaps-

sary replacements due to the ageing networks. Hjerity of networks in Finland were
built between the years 1965 and 1985. The netwepkacement cycle of 40 years
means that the components will have to be updateear future. The age of LV com-
ponents is monitored and reported to the authofitherefore, also the age tracking

methods and functions are relevant in ICT and aatmm methods. In Denmark a simi-
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lar cycle was detected and automation used to neaaad to slow down the replace-
ment rate (Northcote-Green & Speiermann 2008; Vi&i&/inkelgaard 2005). New in-

centives are introduced by EMV. These are the iatiom and quality incentives.
(Matikainen 2010)

The quality incentive aims to increase distributrehability and quality. The innova-
tion incentive is intended to encourage DNOs teaesh and develop intelligent net-
works and grid technology and to implement and casion new technology. The re-
placement of AMR meters is included in the innomatincentive, thus encouraging the
use of AMR-based NIS/DMS fault location and poweality (PQ) monitoring func-
tions. Uninterrupted delivery and intelligent teology and market support the LV DA
development, although the focus remains on the Mwvark, because an interrupt in
the MV network has an effect on a considerable ramobclients. However, most intel-
ligent network technology, such as electrical vislsdEVs) and electrical hybrid vehi-
cles (EHVs), distributed small scale generationgrogrids and energy storages take
place in the LV network and the protection, monitgy control, isolation, backup
power feeding of MV/LV transformer stations and Q¥ids should be supported in in-
telligent grids. These changes may be encouragedteirregulation period of 2016
2020. (Matikainen 2011; Nurmi 2011)

1.4 A short review of Finnish DNOs

A small scale distribution management review wasdogted in discussions with pri-
vate Finnish DNOs funding a VAHA study conducted2@09-2011. The name of
study, VAHA is a finnish abbreviation for Distriboh management and ICT. As a re-
sult, a snapshot of the present distribution autmmastate of the DNOs involved was
taken, the initial conditions for the study wereealed and empirical facts from the
subject area were received (Laaksonen et al 20@8haet al 2009; Haapamaki et al
2009; Hyvarinen et al 2009a; Niskanen et al 20@&s8aara et al 2009). This review,
the literature in the field (see e.g. Northcote€sret al 2006) and currently available
MV/LV transformer station brochures show that thwoanation of transformer stations

and low voltage grids does not exist now, at leaéton the same scale as it exists in
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primary substations. However, this review also aée@ many indications about current
development, e.g. Tekla XPower AMR-DMS technologelen secondary substation
pilot (Haapamaki et al 2009; Hyvarinen et al 200%aheed to map available technolo-
gies as a basis for discussion was clearly notitked.results of the review are presented
in Chapters two and three. Some empirical facts fktelsinki, Turku, Vaasa and Lahti
are presented next.

In the urban Helsinki-based DNO Helen ElectricitgtiNork different navigation signs
can be seen on the distribution automation devedoprpath. One of these is the MV
cable condition management objective. There ar@fgignt cable investments expected
in the future. Different types of MV online and lafe technologies for cable condition
measurement have been developed, which could ltktasmanage these investments
better. Another objective is to increase the renumetrol and monitoring of the MV
network. These systems have become more costieffedthe essential advantage of
applying control and monitoring to MV/LV stations i0 decrease interrupt duration.
With a small extra investment and some extensionseinote monitor and control
automation, the MV/LV components and buildings bammonitored and managed. The
operation of the distribution grid is based on narmonnections. During a fault situa-
tion the field personnel is dispatched, but reaglilve target may be and may become
more difficult in Helsinki. Heavy traffic during sl hours, traffic accidents, sometimes
bad weather conditions or the location of transfarmstations form a challenge. The
transformer station may be located in the middle ahulti-storey building or under-
ground. New applications of automation are exped@adle cabinets will be placed un-
der the street or built in the walls of buildindsiother application expected is a cable
T-joint without a cable cabinet. (Hyvarinen et aD0%a; Siirto, Hyvarinen &

Hamalainen 2009)

In the urban DNO Turku Energy Electricity Network Inetwork, automation will be

increased significantly. More than 10% of all thensformer stations contain an intelli-
gent measurement device. In automated meter mamageire function provided by
Landis + Gyr Enermet EPS32 switching device is mmred. The switching device is
installed after the AMR in power supply directidrhe relay output of the AMR meter,
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controlled remotely, is connected to the switchiteyice control input. However, be-
cause the main manual disconnector is located de¢fier AMR meter in the supply di-
rection, communication to the meter is lost if anoe disconnector is used. Control
and monitoring can be achieved by the use of araedabinet disconnector before the
AMR meter and a main manual disconnector afterANER meter. There is a risk in-
volved if electricity is switched on remotely afiehas been disconnected for some pe-
riod of time. An electrical kitchen or sauna stonay be left on and some electrical ma-
chines may also be on in industrial premises. Teasg in the ventilation system above
the kitchen stove may fall on the heated plate@nge a fire. Therefore, after connect-
ing the electricity after disconnection the constiopshould be checked. If usage is

detected, the power is disconnected and the custoonéacted. (Laaksonen et al 2009)

In the urban and rural DNO Vaasa Electricity Netkyahe use of NIS/IDMS system has
increased in many processes. The operation, thesawvice and maintenance use the
advanced functions of the Tekla Xpower NIS/DMS egst The NIS/DMS system is
used to access and store grid information from M¥/{tansformers and LV grids. The
connection information of the LV network is based 8CADA MV acquisition and
manually entered secondary substation and LV cadibnet information. The installa-
tion of AMR PLC concentrators in MV/LV substatiolesl to an extensive LV grid data
update and revealed that the AMR concentrator lsadutomatic registration function.
The fault service records faults by filling in auflaevent entry form. The information
from this form is later used by the repair crew dydthe customer service. The com-
pensation to the client is determined on the bafsthe time elapsed from the fault re-
cord entry to the repairs finishing entry time. Apamately 100 such cases per annum
are entered in the report system. The personngleo€ompany use maintenance plans
that are loaded onto the NIS. This tool helps tantain MV/LV transformer stations,
LV grids and cable cabinets by providing a graphttatribution grid map and an
NIS/DMS user interface. The components are claskdis checked and clear or in need

of reparation on an urgency scale of 1 to 5. (Heinal 2009)

The DNO LE Electrical Network (based in Lahti) iseparing for energy consumption
changes, demand control, LV grid infrastructurenges, due to EVs and EHVs and the
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climate change. By the end of the year 2014 the Aliers are scheduled to be in-
stalled for every LE customer. These meters conltbke e.g. demand control, deter-
mined in the electric energy sales contract, antdmaatic connection after the contract
has been signed. The state information of theiligton grid could be supplemented
with transformer station and AMR measurementshis way the loading profiles be-
come more accurate and they could be used in NISDBtwork state calculation and
in design and planning functions e.g. when desmgrimew MV/LV station. Electric
vehicles are expected to increase the demand 6301%, depending on the proportion
of EVs share of all vehicles. The EV charging tiamel charging ways are expected to
vary, which brings some uncertainty to LV grid plarg and to the preparation for the
future distribution. A two-level model of fast, hah hour charging and slows-& -hour
charging are considered at present. EVs need @iogainfrastructure and this means
that long term planning is needed e.g. MV feedaxrgehto be used to supply large
charging stations. Also, a small customer energyersystem is expected. The lightning
radar information enables the monitoring of lightniactivity. This information helps
the repair crew. The wind speed alarm level isaset3 m/s in Net alontrol SCADA.
(Seesvaara et al 2009)

1.5 Research objectives

Cabled LV network and MV/LV transformer stationg &een as a considerable part of
the distribution network and of the entire disttibn network investment. Therefore,
DNOs and the electric device and service industeyiaterested to find out if there
could be found new applicable and cost-effectiveomation solutions especially to
network management, component lifetime and to reasrice management purposes.
In the Finnish urban grid of 2011, automation amdomation functions took place
mainly in the primary substations and the conteitee. Remote control and monitor-
ing, including fault detection is expanding to sedary substations. The next logical
step towards a comprehensive network manageméeateistend automation further. In
industrial applications the automation of electretworks has been used for years. The

responsibility of DNOs stops at the energy metdre Tustomer system and home
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automation begin after the meter. In Finnish dstiion network of today AMR meters
are reaching the majority of customers.

The objective of this study is to examine the dsition network side, focusing on the
systems and functions needed to manage future M\ivansformer stations and in LV
grids. Operation and maintenance management, §barine, utilize these systems and
functions in DNOs. Functions enabled by AMR are exatluded entirely, but they are
considered from the perspective of network managén@ne objective and research
question which this study aims to answehasv to extend the process monitoring path

between substation and feeder automation to relagltistomers system

Many DNO functional processes such as electrigidigion, fault management, client
relations, network management and connection mamageutilize information from
MVI/LV transformer stations, LV cable cabinets or Igvids. This information can be
gathered e.g. during field operations or receivedng client interaction and stored in
the database. Information can also be extracted ftatabases existing already or re-
trieved using automation. Nevertheless, up to detievork data improves decisions
based on this information and reduces needed reswuinformation is used by client,
personnel or subcontractor, in work managementrmf gonstruction, operation or
maintenance. Future technologies could be usedaterthe grid more intelligent, i.e.
more reliable and flexible, e.g. for distributechgeation, demand management and ad-
vanced electricity trade. A second challenging ciibje therefore iswhich kind of new
DA and ICT technologies could be used to managd_MWansformer stations and LV

grids better?

During a MV feeder fault or a major fault it can $een that the transformer station or
the LV grid seldom work as an island. The MV feef@eit can be detected based on the
automatically acquired information from primary station relays or from fault indica-
tors and the fault can be isolated using switclopgrations in secondary substations.
However, today transformer station or LV grid fauformation is not automatically
retrievable. In order to achieve more precise astef information to form a good basis

for decision making and to enable automatic fumgithe following research question
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needs an answekow the transformer and LV feeder fault detectiauld be im-
proved?

Operators use distribution management system fumetio manage the entire grid,
NIS/DMS and SCADA, for instance. In case of normération and fault situation the
network status information is acquired partly auatioally and partly over the phone.
As to the MV/LV distribution transformer statiortbe automatic information originates
the MV grid. For example, the LV feeder energizedl®-energized state information is
usually read from HV/MV or MV/MV substation relay$his leads to yet another re-
search questiowhich kind of systems could be used to aid the M\Wansformer and

LV network fault situation operati@n

Power quality and fault detection are cousins. MDpower quality is not usually a
problem. It becomes a problem if customers complairey complain if their devices
do not work properly or break down, or if the malftion is thought to be caused by
low power quality. Also, faulty distribution networcomponents e.g. MV/LV trans-
formers and LV cables may cause distortion. Sometitracking faulty equipment may
be time-consuming. LV cables are considered afsignt asset. High current on a low
voltage level, through a bad joint, for exampleyrmause sparking and even component
burning. Also, because the power electronic consuoagls have increased and are es-
timated to increase even more, harmonic currendsraactive power are expected to
rise. Although, in cities the grids are strong, Hwumulated harmonic content may
rise. Therefore, the research questions are theniolg: how could the power quality of
MV/LV transformer stations and LV grids be monitbeend managed better and how

their distribution component fault detection andabysis could be implemented

Novel information and communication technology nekeossible to satisfy different
user needs. An efficient ICT infrastructure anduaate, real-time information are key
components when responding fast to different faitliations. This can reduce risks
caused by service failures or component failurésisT the following research question:

Which kind of ICT systems and protocols are prégersed to enable automation sys-
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tems and services that use information from MV#avidgformer stations or LV grids,

and which kind of future systems could improve matmn and servicés

The IEC 61850 protocol is widely used in primarpsiation communication. The im-

plementation of this standard utilizes Ethernet #hgrotocols. The standard enables
new, reliable, efficient and spontaneous commumnaand a bunch of new services.
Secondary substation relays and other automatiaipegnt are rare at present. How-
ever, for primary substation usage an extensivietyaof IEC 61850 compliant devices

are available and being developed. Also, in proeessmation Ethernet communication
and communication cabling enable IP networks anméless IP-based communication
technigues, which are increasing and developingsTthe following research question
arises:could this protocol be used in secondary substatigplication®

Auxiliary systems are needed in order to ensurdahk situation operation of the auto-
mation system. Building automation is needed @grisure safe, secure and a proper
distribution environment and working conditions.eTQuestionsWhich kind of auxil-
iary and building automation systems could be gmesn MV/LV transformer station
applications and could auxiliary systems and ICovide extra value for the MV/LV

transformer station and low voltage grid managerfient

1.6 Thesis outline

In Chapter two advanced and piloted systems thatvdiow the management is ex-
panded to distribution transformer station and Lid @re introduced. Also the results
from the latest international studies are presentlédy provide an overview about po-
tential applications in the field of MV/LV transimer station and LV grids distribution
automation. Also, MV/LV distribution automation foiions are presented. These DA
functions enable e.g. process monitoring between figktler automation and home
automation, LV fault detection, transformer and b€twork monitoring and trans-
former and LV network fault situation operationsMWal schematic diagrams are used to

illustrate new ideas.



27

In Chapter three power quality (PQ) and fault diédecare discussed. An overview of
power quality measurement systems is given. PQnrdton from different locations is
needed for many reasons. The share of power ehctloads in grids is increasing,
which will increase harmonic currents and reactpaver, if not filtered properly.
Therefore, harmonics and filtering solutions agcdssed. The propagation of harmonic
voltages on a low voltage level is presented tanfarbasis for the discussion about op-
timal usage and location of PQ devices, i.e. PQsoreanents and filters and fault de-
tection devices. The relation of power quality aolf detection and fault location is dis-
cussed. Potential PQ management solutions includwgautomation solutions, e.g.
passive and active filters systems are presentied.dIstribution automation manage-
ment system also comprises the monitoring, analgsid control of filters. New ideas
from the latest international studies are presentbdse ideas could be used e.g. in PQ
analysis functions of distribution management agpions. The advantages of PQ
monitoring and control functions are illustratedngsSCADA schematic diagrams and

architectural diagrams.

Chapter four discusses information and communinaggehnologies that can be used in
the management of MV/LV transformer stations anddrids. DA communication en-
ables remote procedures. Nowadays serial commuonca commonly used in the
communication of two directly connected devicese Piotocols presented are specific
to electric distribution applications. The advammgf using standards are addressed.
The lifespan of primary distribution componentsréatively long, some 40 years.
However, the fast development of ICT systems shertheir lifespan. Therefore, also
new ICT platforms, systems, protocols and intedaaee introduced. The IEC 61850
protocol is widely utilized in primary substatiorADThe implementation of this stan-
dard utilizes IP/Ethernet network. The IP/Ethemetivork has many advantages in fast
communication in primary substation LAN. It is wonthile to try to find out if
IP/Ethernet and IEC 61850 could be used for theainbr intercommunication of

MV/LV transformer stations. Also, many potentiapéipations are presented.
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In the Chapter five auxiliary and building autoroatisystems are discussed. Some aux-
iliary systems are needed to support automaticer &ult in the non-energized state,
and others can be used to increase reliabilitypavaer quality, which is the case e.g. in
LV over voltage protection. Building automation da@ regarded as an auxiliary sys-
tem, because it is used to monitor and controMMLV transformer station building
environment in order to ensure safe and reliald&idution system operation. Possibili-
ties to monitor multiple-building environment angpred including moisture and hu-
midity monitoring, splash and flood water detectiBhs gas leak detection, temperature
monitoring in an MV/LV station, air ventilation maaring, hatch open detection, mo-
tion detection and entrance detection using a dwatch. Weather conditions are
changing also in Finland due to the climate chaige. distribution operation, as long
as possible, will give extra time for safe evaauatinder extreme weather conditions
and in certain risky areas e.g. on river bankssTdhapter introduces some potential
techniques helpful in precautionary measures. idlaa of building automation moni-

toring layer in distribution management systemrespnted.

Chapter six evaluates the answers to the reseaiestigns and conclusions are drawn

from the results.
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2 MV/LV MANAGEMENT FUNCTIONS

Chapter two deals with functions that are used griignin network management, fault
management and safety management processes. Mib&nofutilize information from
MV/LV transformer stations and LV grids. The litexee review provides the reader
with an exceptional view on future DA systems bgganting advanced and piloted sys-
tems and results from the latest internationalaxese An overview of applications used
by Finnish DNOs which operate in Vaasa, Turku aradsidki city area extends this
view by opening a door to the present DA and IC3tays. Novel MV/LV distribution
automation functions are presented, which can bd tsextend the process monitoring
path between MV feeder automation and home automaifihese functions can im-
prove MV/LV fault detection and indication, trangfeer and LV network monitoring
and transformer and LV network normal operation fdt situation management. An
extensive set of visual schematic diagrams andlmtdogy portfolio aim to crystallize
and concretize the ideas.

The very special functions, where automation idedeare protection, control and iso-
lation. In MV/LV transformer stations and in LV g8 the protection of distribution
components, persons, animals and equipment isisdppy a system in case of a fault
such as short circuit or earth fault. The lattar ba a consequence of a insulation fail-
ure. The control of the distribution grid is alseexded for the modification of the load-
carrying network e.g. when optimizing the LV netkwar switching on and off distrib-
uted energy resources (DER). Isolation is neededviitching off a part of the network
for fault management or maintenance work whenrestaamer is changed, for example.
Sometimes it is required to switch off the netwésk other reasons than maintenance
e.g. under grid construction or in order to conttemand when a power shortage oc-
curs. (Schneider 2010)
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2.1 Advanced and piloted MV/LV transformer station Dysgems in Europe

In document (Dota & Giansante 2009) Enel low vatggotection system using local
and remote functions is presented. In the Enel MMitansformer station the MV/LV
transformer supplies an LV switchboard with four Likes, each protected by an LV
circuit breaker. There is a trip position in thecait breaker, which indicates that a fault
has occurred. The trip can be a result of the Ipoatection operation. In the system of
Enel special attention has been paid to personmepablic safety issues in the remote
management processes. The circuit breaker is egglippth a three-position manual
selector: “remote controlled”, “manual” and “locKedn the Enel network operating
centre the staff can remotely control the circuéaker by selecting its graphic symbol.
It is not possible to execute remote operation$ whe selector in the “manual” and
“locked” positions. (Dota & Giansante 2009)

In Denmark PowerSense A/S has developed the resnpirvision and remote control
system of MV/LV transformer stations, installeddistribution grid of Dong Ltd. Dong
has classified configuration as three differenegipA, B and C. They are meant to be
used in different locations of the MV feeder. Typ&onfiguration, which includes the
remote monitoring of both MV and LV and the remotatrol of an MV ring unit, is
typically located on the first T-joint of the MV dder. Type B configuration, which in-
cludes the remote monitoring of both MV and LV netks is located on the second T-
joint. Type C includes the remote supervision of 18éders only and is located on the
tail of the MV feeder. Type A configuration presesin Figure 2 shows the modularity
of the system and technology used well. The condion consists of e.g. current, volt-
age and power measurements of both the MV ring amit the transformer. Medium
voltage cables are equipped with optical currenasueements. The switchgear is
equipped with a remote control system. The corgystem module with optical current
measurement input connects MV and LV sensors anttats, the RMU master is used
for communication and the implementation of thections. The analog I/O unit is for
LV voltage measurements. The communication is arsép module connected via the
serial bus. As it can be seen, the condition offtises (red) and the loading condition
and voltage level of the transformer can be moedoiype A has the following func-

tions:
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- Measurement of the daily peak load of the tramsé,

- Measurement of the pressure of oil filled MV el

- Transformer temperature measurement,

- Sk gas pressure measurements,

- Air temperature and humidity measurements,

- MV circuit breaker open-and-close control,

- MV breaker position monitoring,

- MV short circuit indication, directional,

- MV fault location indication, distance to fautt ohms,

- MV earth fault indication,

- MV and LV fuse open phase and fuse blown indisgti
- High temperature alarm,

- System faulty alarm, and

- Station door open alarm

(Northcote-Green & Speiermann 2008; Vinter & Virgahrd 2005).
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Figure 2. Dong (PowerSense) type A system configurationl is¢he supervision

and control of MV/LV secondary substations.
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In the Netherlands a consortium was formed andi@duMV/LV transformer station
system developed in a project called IntDs. Thections include the remote control
and monitoring of MV/LV, energy storage, demand toaln LV voltage control and
power quality monitoring. The capacity of the enestprage system is only 30 kWh,
but the test report shows a 30 % reduction in #akpoad of the transformer. The MV
switchgear is Eaton Xiria, which can also be usednable automatic transfer function.
The transformer used in the pilot system is Smaftrby Imtech Vonk, which can be
used to enable voltage control, when there is @ kigh penetration of small-scale dis-
tributed generation in the LV grid. The power saled) system of the transformer sta-
tion, PowerMatcher, is connected to Eaton Xanuméiautomation system. The bal-
ance between both energy storage supply, smak-gratluction supply and demand is
matched. According to the algorithm used the custsnare supplied electricity from
the energy storage of the MV/LV substation duriegippdemand and the energy storage
is charged after the peak demand. (Kester, He#taamdorp, Cobben, Schoonenberg,
Malyna, De Jong, Wargers & Dalmeijer 2009)

2.2 Fault management of MV/LV transformer stations &Ndgrids in Vaasa Elec-

tricity Networks

A typical fault management process in LV undergbuoetworks starts from a customer
indication of the fault. The indication is receivied a DNO operator in case there is no
common fault in the grid, i.e. if the feeding MVidjis energized. If the MV grid is de-
energized, e.g. during major disturbances, phofie aee received by an automatic re-
sponder. Assuming there is no such fault (MV ereedj, the fault location is revealed
by the location of the callers. If there is justiagle indication, the customer is asked to
check the main fuses and switch of the facilitythiése fuses are not blown, the field
personnel can be dispatched. In many cases theigaldcated visually (excavator in
place) or by checking where the blown fuses aresolme cases there is a detected dis-
tribution transformer failure or cable joint or ¢alfailure. (Heino et al 2009)

In Finland the protection of low voltage networleders in cable cabinets and MV/LV

transformers are implemented with fuses. In urba@asathe low voltage network is im-
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plemented with underground cables. In rural areasetare still thousands of kilometres
of pole-mounted networks, but the proportion of engdound cables is rising steadily.
In cities underground cables have already been faseilong time. Therefore, there is
a variety of cables. Their properties, condition &xpected lifespan vary. In these ca-
bles there may occur different types of faults, permanent short circuit or earth faults,
but also different types of transient faults.

The control centre keeps a record of faults in MWAtations and the record can be lo-
cated in the NIS/DMS system or e.g. on an Exceksluget. Scheduled interruptions in
the MV network are recorded in the system. The @m@nter id and timestamp are re-
corded too. The lack of EMV regulation, automatamd a large quantity of LV compo-
nents in the grid results in lesser surveillanceesbrded LV events. The communica-
tion of the AMR PLC (power line carrier) requiregpblogy information about LV net-
work, which must be updated and precisely recordadually in order for the meter to
be registered into the concentrators. Once thioise, the need for manual work is re-
duced. The Vaasa LV network lacks automation. Hesethe automated recording of
network topology changes would shorten the timed us®th for AMR installation and

other operations. (Heino et al 2009)

2.3 MVIJ/LV transformer station DA development of HelemdaTurku Energy Net-

work

The intelligent grid is not just AMR meters or iligent primary substation automation
functions, although they play an important role &agte been the primary target of LV
automation investment in the past few years, eaffgdn Finland. Fault anticipation

and the automatic isolation of the faulty netwodttgs estimated to improve network
management significantly. The low voltage netwalaiconsiderable part of the distri-
bution grid needing a lot of components and investis. Steps towards the intelligent
grid must be taken gradually, but with determimatemd careful planning in order to
avoid extra investments. A Finnish DNO Helen Elety Network has recorded about
200 LV network faults in a year. Helen suppliesc#ieity for 340 000 LV customers in

Helsinki. The operation of the distribution netwadquires field operations. On the av-
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erage one of the circa 1 900 transformers malfancind 90 transformers are replaced

in the period of two years. (Hyvarinen et al 2009a)

The Finnish DNO Helen has introduced new functithrag include e.g. the fault indica-
tion, location and isolation of the MV feeder basedmeasurements in MV/LV trans-
former stations (Hyvarinen et al 2009a; Kumpulaieeml 2010; Siirto et al 2009). Be-
cause fuses are mainly used for protection ane: thave not been any intelligent elec-
tronic devices (IEDs) in MV/LV transformer stations LV grids, thus no automation
functions have been available. In the urban aredlM\tfransformer stations are mainly
ones with MV ring units, called secondary substeticAt present remote control and
monitor systems are being increasingly added torsry substations in Finland (La-
aksonen et al 2009, Hyvarinen et al 2009a). Thedens are carefully selected from
among hundreds of substations using multiple ¢aitdihe main functions used in fault

management for these are the following:
- fault and outage location,
- fault isolation,
- feeder reconfiguration,
- fault repair,
- service restoration, and

- distribution system monitoring. (Laaksonen e2@09, Hyvarinen et al 2009b)

In document (Hyvérinen et al 2009b) the DNO Heldotsystem and some of these
functions are presented. In the Helen MV/LV transfer stations fault indication, loca-
tion and separation functions of the monitoringtsyswork in a semi-centralized man-
ner. The input to these functions is received lyoaitoring device from sensors placed
on the MV and LV sides of the transformer. The measient and control device used
and the measurements are presented in Figure &rmAbe seen in Figure 3, voltage and
current measurement are placed in transformer kMitaals. These measurements can
also be read remotely, which enable the values ttmmmeasurements to be used as an
input to both local and centralized functions. E@alth indicators, i.e. 31> symbol in the

figure, are connected to the digital input of thenitoring device and the earth fault
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current measurement, to the analogue current input. Voltage is meastned phases
of LV bus and also from N bus. CTs are used to nmeakV L1, L2 and L3 phase cur-
rents. Transformer temperature is also measuretiO®Tesistive temperature sensor is
used to measure and remotely monitor the transiotemeperature. MV earth fault cur-

rent is measured with agdensor. (Vamp Ltd 2008)
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Figure 3. Connection diagram of the measurement and cotdnate used in the
DNO Helen secondary substation monitoring piloteys (Vamp Ltd
2008)

The SCADA system, i.e. supervisory control and @aiguisition application, can moni-
tor faults that primary substation relays or relaged in feeder automation have de-
tected. Based on SCADA information the NIS/DMS, dsstribution management sys-
tem, which is an extended AM/FM/GIS system, carubed to calculate and display
fault location on the distribution grid map. Thisuft detection and location function
works on the MV network. In short circuit faultsethiocation accuracy can be high
enough to pin-point the fault near the MV/LV secandsubstation. In an earth fault the
detection and location accuracy is normally fasléBhe objective of distributed MV
fault path indicators and earth fault current measient is to increase accuracy. The
MV fault detection function and MV remote contraeawo key functions to an exten-

sive transformer automation system.
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The development of the remote control and monigpohMV/LV transformer stations
can be visualized with SCADA schematic diagramsesehdiagrams present well the
functionality available for the operation proceéstypical monitoring view of a MV
feeder is presented in Figure 4a. Only the MV feedanual disconnectors are pre-
sented by green unfilled diamond. The operatorstegs the on-off and grounded posi-
tions of the disconnector based on the action tdpothe field personnel. The station
number 1234 is displayed. The control diagram efdahtire MV/LV transformer station
is presented in Figure 4b. The diagram is a visipdagram and it is not very common
in the present SCADA systems. It can be seen Heatontrol diagram is extended to
the low voltage side. The station, however, isgame as in Figure 4a. This substation
includes no automation, but it could be used tastegmanual operations. The diagram
contains both manual MV ring and transformer featieconnectors, but no MV feeder
protection. The manual disconnectors are presesidgreen unfilled diamond sym-
bol. The diagram also contains MV fuse protectioantfansformer and fuse-switch pro-
tection for LV feeders. The fuse-switches are prek with the disconnector and fuse

symbols.

M

123¢ \(

(@) (b)

Figure 4. A detail of a typical SCADA diagram of MV feeder twiMV/LV
transformer station and without remote control anitoring @). Ex-
tended visionary SCADA monitoring diagram of the MV trans-
former station including MV disconnectors and L\séuswitches.h).
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In Helsinki as well as in Turku the traffic is stidg getting heavier. Traffic jams occur
during the rush hour or in accident situations wnrdy bad weather. All this can slow
down repair crews and have an effect on the brea&tidns. In addition, reaching the
location of the transformer inside a building canise difficulties: contrary to DNO re-
guirements, the personnel do not sometimes havaghekeys to the locked premises
or a separate entrance is not provided. Therestsabrowing need for faster fault man-
agement and for additional flexibility concerninigtdbuted resources and demand con-

trol. Therefore, the level of automation in MV/L\ilsstations is expected to rise.

The next step of automation, which partly existsleien already, is the increase of con-
trol and monitoring on the MV side and the monitgron the LV side (Laaksonen et al
2009; Hyvarinen et al 2009a; Siirto et al 2009cadhtrol and monitoring diagram of the

remote operational MV feeder is presented in FigiareCompared with the manual sys-
tem presented in Figure 4a, the diagram in Figaredntains remotely controlled MV

feeder disconnectors, which are shown with gredouced diamonds. In a fault situa-

tion the operator can issue commands, i.e. operiose the remote controlled discon-
nector. The control and monitoring of MV feederadisnectors usually shortens the in-
terrupt duration of many customers. However, na$ the main objective of this study
to discuss the effects and benefits of a more skteruse MV feeder automation. This
information can be obtained e.g. from (Northcote€sr et al 2006). The real-time op-
erational status of the transformer can be detexthirom the LV measurements pre-
sented in Figure 5b. These measurements can beexty using a device presented in
Figure 3, for example. The indications could in@wdg. remote controlled disconnector
failure, MV switchgear gas pressure alarm, tramséartemperature alarm and battery
voltage alarm. The visionary control diagram of émtire MV/LV transformer stations

is presented in the Figure 5c. Using this exterdiagram of the MV/LV operations and

distribution state tracking could be possible. Tiifermation about the state of manual
disconnectors of the transformer feeder still corfnes the action reports by the per-
sonnel, though remote controlled disconnectors df fidleder are used. The measure-
ments show well the state of the transformer bey itho not contain information about

changes in the switching state.
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An intermediate switch is used in the middle of & Kkeder e.g. in places where a
semi-long cable feeder is extended with a long lvead line (Heino et al 2009). Some-
times, and increasingly in the future, this intediaée switch is located inside an
MV/LV secondary substation because of the increasedof cabling. If a short circuit
fault occurs on the feeder behind the switch, istance, the part of the grid before the
switch remains connected. If the impact on SAIDd &AIDI values is clear and posi-
tive, it will be taken into consideration in thetwerk planning and DA investment
planning. This kind of MV/LV transformer station usually equipped with communi-
cation equipment making the SCADA connection pdssiBlso, in this case the ex-

tended supervising presented in Figure 5 is passibh small additional cost.

MEASUREMENTS

1234 transformer load
[j 1234 MV transformer current
1234 LV phase current L1
1234 LV phase current L2
1234 LV phase current L3
1234 LV phase voltage L1
1234 LV phase voltage L2
1234 LV phase voltage L3
1234 LV THD

1234 INDICATIONS
1234 disconnector failure alarm

L
E

>>>>>>>x
>

0
X

i

i

1234 SF6 preasure alarm
1234 transformer temperature alarm
1234 battery voltage alarm

(a) (b) (c)

Figure 5. A detall of a typical SCADA diagram of remote cailable MV feede
(8). Measurement and indication information from MV/trangormei
station p). Extended visionary supervisory diagram of ttamgforme
station including the remote controlledV ring unit disconnector
manual transformer disconnectors and manual LV-fua&ches €).

2.4 Fuse blown detection and indication

The protection function works in the case of anrtmaal, short circuit or earth fault. The
fuse is melted if the current is high enough arel ¢hicuit is open and de-energized.
This often requires correcting the failed comporeemd changing the fuse. In a cabled
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network the reported fuse blows are not frequeanseFswitches are commonly used in
Finland and at present they are considered opfonahe protection and isolation of LV

feeders in MV/LV substations and cable cabinet®e Word switch actually refers to a
manual disconnector, which is located before tlse in normal power supply direction
and is manually operated by the DNO personnel.sititch has usually no fault current
breaking capability, but it has a limited fault @mnt making capability in order to be

able to perform a make to the faulted circuit.

The fuse blow in a faulty phase does not usuallyehan effect on the fuses of other,
healthy, phases. Depending on the type of the fhidtresults in a situation where one
or two phases may be missing. In absence of automakhe indication is received from
the customer. The break time therefore dependfi®@mesponse time of the customer,
on that of the network operator to the complaintthoy customer, on the mutual fault
check time, and if the fault is found to be locatedhe distribution grid, on the fault
management time of the network operator. The flserbdetection function may re-
duce this fault management time by providing exact real-time information about the
location and the details of the failed componeset, the coordinates of the location, the

phase and related information.

2.4.1 Fuse blown detection systems in radial networks
Radial LV feeder fuse blown detection can be im@etad as follows:

- NIS/IDMS (network management system / distributtoanagement system)

functions and alarms received from AMR meters,
- fuse blown detection units installed in the cantdf the fuse-switches,
- voltage measurements from LV feeders after tise-switch, and

- current measurement from CTs installed in thetexdnof fuse-switch or the
LV feeder.

Technologies that utilize AMR-based informationra@twork status have become avail-
able. This information from AMR meters is linkedtiwhnew functions of NIS/DMS, i.e.

Network information system distribution managemspstem and distribution man-
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agement system. The primary function of AMR metsr® measure energy consump-
tion and generation, but also power quality andiéfwork status information can be
collected (Tekla 2011; Keranen 2009; Tryg, Makin¥erho, Jarventausta & Rinta-
Opas 2008; Jarventausta, Makinen, Kivikko, Verhardtlampi, Chrons, Vehvildinen,
Trygg & Rinta-Opas 2007). However, it must be nedichat the communication also
enables these functions in a fault situation. ldeorthe network status to be available
from AMR meters, the communication network has twkyproperly. The fuse blown
information is deduced by NIS/DMS system from AMRres or non-responding me-

ters.

Fuse blow indicators have become common auxiliajyipnent of fuse switches,
which could indicate that fuse blown monitoringaisequired function in an increasing
number of applications. Also, mounting has beeerakto consideration in the design
of the product. This is presented in Figure 6, Whstiows a collection of three fuse
blown indicators from two manufactures. The mouniih the detector unit on an ABB
SLBM cover is presented in Figure 6a. The conteagram of the ABB OFM indicator
is presented Figure 6b, which indicates the opegatrinciple of the detector unit. The
detector is compatible with OS fuses and it is ewted to the three phases and to both
the sides of the fuse. There is one output fointdesation of three phases, but both NC
and NO modes are supported. The operating pringspi®t documented in (The ABB
Group 1998), but to indicate fuse blown it is midstly the indicator detects that volt-
age is missing from the other side of the fusesrinciple is suitable for radial net-
works. The mounting of the detector on EFEN E3NBkfgwitch is presented in Figure
6¢c and a closer look at the indicator is given iguFe 6d. The LEDs indicate that the
fuse has blown. The fuse blown information can denected to remote terminal unit
using signal output. The indicator reveals that oneore of the fuses of a three-phase
system is blown, but not which of them. Hence, file blown indication function is
LV feeder selective, but not phase selective.
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Figure 6. ABB SLBM fuse-switch with fuse blown indicator iadied @) (The
ABB Group 1999a). A connection diagram of the ABEB-ND fuse
blown indicator ) (The ABB Group 1998). EFEN E3NH fuse-
switch with fuse blown indicatorc) (Efen GmbH 2011). A closer
look at EFEN E3NH fuse-switch indicator shows twalication
LEDs and one detection outpul) (Efen GmbH 2011).

The second implementation technique of a fuse lletection system is based on volt-
age measurement and is presented e.g. in (NortBreten et al 2008; Vinter et al
2005). The voltage after the LV feeder fuses isveotied and the voltage signal is con-
nected to the analogue-to-digital unit of IED, esge Figure 2. In the application in
(Northcote-Green et al 2008; Vinter et al 2005) giese voltage is converted to a
0-24 V DC voltage signal, which is then converte@tigital mode using an analogue-
to-digital converter. The technology of this corteeris not presented in detail. How-
ever, from the figures in these documents it camclemled that at some stage a true
RMS value is calculated and the nominal valueelected from a range of-@4 V.
This obviously requires converter adjustments. Thplementation of analogue-to-
digital conversion is possible to do using a vadtagessage converter. The display fre-
guency of the voltage values is four voltage valumesvo hours in distribution man-
agement applications (Northcote-Green et al 2008teY et al 2005). High-density
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measurement of voltage from a LV busbar could enatso power quality monitoring.
However, fuse blown detection may require a fumctinich compares LV feeder volt-
age with LV bus voltage. This is needed to detaedt fidter MV feeder distribution dis-

turbances or distribution interruption.

The idea and algorithm of a fuse blown detectiomcfion based on current measure-
ment has been introduced in protection relays @&scovrent protection function. The

idea has not been widely adopted concerning fuserbdetection units. Based on the
complexity of implementation, two new system idesgsroximate or exact, is next pre-
sented. However, notice that these ideas shoutidreughly tested and simulated be-

fore applying them.

In the approximate fuse blown detection systiéy® overcurrent protection function of
the LV busbar relay or the overcurrent detectiarction of the measurement and moni-
toring device is used for fuse blown detection. Tunection is based on the fact that in
normal power flow direction the short circuit curtewhich melts the fuse, normally
goes through a LV busbar and thus the busbar LAy ret the monitoring device could
detect it. In the first type of approximate detectithe inverse time overcurrent func-
tion, i.e. I>, is used and configured. The overentdimit can be determined based on
the dimensioning overcurrent of the smallest LVdfefuse size that is used and on
time setting according to the characteristics o fse. This function could send an
alarm. In a more sensitive type of approximate folegvn detection the base load cur-
rent is taken into account. In the detection fuorctihe smallest LV feeder fuse dimen-
sioning overcurrent is added to the base load ousetting. In addition a time window,
which dimensioned according to the fuse, is usettigger this extra overcurrent, 1>,
detection function. Because overccurrent makegube melt in a range of a second, at
the maximum, a base load current value of threerskcbefore the peak would proba-
bly be sufficient. The I> function could be usedgive an indication of LV feeder fuse
blows, and I>> and 1>>>, could be used in the ougent protection of the busbar, for
example. Therefore, the configuration of the I>diion would be same if a relay was

used instead of the smallest LV fuse. The infororatf a possible fuse blown in a spe-
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cific MV/LV transformer station can be receivedtla¢ control centre, where this infor-

mation starts fault management operations.

In the exact type of fuse blown detectithve current of each fuse and each phase is
measured. If a neutral feeder fuse is used, alsautrent of this fuse can be measured.
Conventional current transformers (CT), electrameasurements based on Rogowsky
coils or optical sensors could be used for measainénMountable current transformers
are available for some fuse-switches, see (Efenb2@il1). However, it must be no-
ticed that measurement coil current transformer begaturated in case of short-circuit
current. Therefore, the indication level shouldskeé according to the characteristics of
measurement coil saturation, or a non-saturableo®sky coil or a non-saturable opti-
cal sensor should be used instead of the convet©m. The measurement of each
phase and the neutral feeder of many LV feedenginree@ multi-channel measurement
device. Therefore, a multiplexer circuit (MUX) cdube used to reduce costs. Figure 7
shows the block diagram and truth table of a miglkier in an analogue measurement
application (Storey 1998: 63814). In this fuse blown detection application therent
measurements of each phase are connected via MUNet@analogue-to-digital con-
verter (ADC). The MUX and the ADC are controlled &ycontrol and processing sys-
tem and digital output channels are processedr@aktime operation system (RTOS).
In the RTOS software detection loops can be useddoh current measurement. In the
detection loop an inverse overcurrent algorithntdzld be used to detect fuse-melting

current. Thus, an exact fuse blown indication cdadchchieved.

EREN - |
A0 0 0 AO
AL :x\; v — s1
A2 —» sC 0 1 Al
1 0 A2
s1 SC 1 1 A3
(a) (b)

Figure 7. A connection principle of an analogue multiplexgtUX) circuitry suit-
able for fuse blown detection of multiple fuses.eTémalogue MUX is
shown in ). The MUX input channels A0..A3 are switched te fiUX
output Y according to the control signals presemeniuth table §). The
control and process system controls the multipgx@nd the analogue-to-
digital conversion (ADC) and processes the digitah.
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2.4.2 Fuse blown detection system in meshed networks

The fuse blown detection system of the meshed nmktewould also use current meas-
urements. The following idea is of the exact typeoading to the previous classifica-

tion. An overcurrent protection function, similar the system explained earlier, could
be applied. If short circuit current flows throutite feeder and the fuse, the protection
function, 1> awakes, and if the fault is permaném, fuse is blown and an indication is
sent by IED. Also, the direction of the current dendetermined if the voltage meas-
urement of the LV bus is used. Like the radial systthe meshed network fuse blown

detection could also be of the approximate type.

2.4.3 Fuse blown indication in distribution managemengligations

The monitoring of LV fuses can provide real-timal ghase-selective information from
the LV grids, which is supplied from the MV/LV trsformer station. The reliability and
cost of such investments depend on installed anngld distribution automation. The

cost is determined by the choice of the monitoteahnique, maintenance, vendor pric

ing and coverage of the system, i.e. the numberstélled units. The additional cost of
the fuse blown indication system can be kept reaslenby careful preplanning, i.e. by
reserving enough resources for the fuse blown teteextension when planning the
DA system. The coverage of the system affects teelrio configure SCADA. Only

small changes to the SCADA system may be poss#itggiihe DNO recourses e.g. the
detection information of 10 LV feeders would be gible without an extension to the
SCADA license. The addition of the fuse detectigatesm may become an important
solution, when discussing the overall reliabiligquirements by sensitive customers,

e.g. hospitals.

New NIS/DMS functions are available that include b®twork fault indication and lo-
cation. This functionality is based on informatioom the AMR system. This informa-
tion acquisition can be classified from DMS pergpeceither as spontaneous or forced.
In spontaneous or event-based communication dasaitable and readable from the

automated meter management system (AMM) withoutiesting it. AMR alarms such
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as missing phase or voltage imbalance are sentdigrenspontaneously to the AMM
database and read from there by DMS. In forced iaitipumn the operator makes a re-
quest from DMS to AMM, which makes a further requesthe selected AMR meters.
The accuracy of NIS/DMS fault location algorithmssch that the faulted protection
zone of the LV network can be detected. Once tmstionality for the LV network ex-

ists in NIS/DMS, it could be assumed that changesdad for fuse blown indication
function implementation, based on real-time infdioraand the SCADA system, are
reasonable. Figure 8 visualizes the implementatibthe fuse blown indication of

MV/LV transformer stations in the SCADA and NIS/DM§stems. The SCADA

schematic diagram of MV/LV transformer station ®w&n in Figure 8a. It includes re-
mote controlled MV ring unit disconnectors, a tfanser relay and manual LV fuse-
switches with fuse blown detection. The fuse-switatin a blown fuse is shown red and
the fault indication is presented below. A NIS/DM8w of transformer station and LV
grid is shown in Figure 8b. The red triangle ane flwlt indication message pinpoint
the source of the fault message in the distributi@p. The fuse blown indication and

faulty feeder is shown in red. (Haapamaki et al900

MMO 1234 Blown fuse blown #1 indica-

>

EAE

MMO 1234 Blown fuse #1 indicatic
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(@) (b)

Figure 8.  The monitoring of the fuse blown indication in SCAa). The fuse
blown indication in NIS/DMS systeni).
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2.5 Relay protection in MV/LV transformers stations

Small distribution transformers can be protectetsfatorily, both technically and eco-
nomically, by the use of fuses or overcurrent reldhis results in time-delayed protec-
tion due to downstream co-ordination requiremet®\a-TD 2008: 254279). The
first statement assumes, of course, that there iewverse power, which is the case in
the majority of cases at present. However, distethienergy recourses (DER) applied
to LV grids can change the direction of the powsd aan cause protection blinding. In
addition to what is said above about DER protectrefay protection could be needed
because of the enhanced protection they enabletwed DA functions such as moni-
toring and control. Overcurrent relay protectiom ¢ee applied both to the transformer
protection on the MV side, to LV bus protection @aad_V bus secondary feeders, but
the transformer can be protected from both suppbctions using differential protec-

tion.

There are several different types of transformalt$ain which transformer protection

can fulfill the safety requirements and prohibittfier property damage. They are:
- winding and terminal faults,
- core faults,
- tank and transformer accessory faults,
- on-load tap changer faults,
- abnormal operating conditions, and
- sustained or uncleared external faults.

Circa 60 % of faults in a study were winding anarti@al faults. (Areva-TD 2008: 254
279)

The fault current in urban MV networks is ratheghhi Document (Northcote-Green et
al 2006) lists devices capable of fault currenakineg and making. These devices are: a
circuit breaker, a fuse-switch and a recloser. Rimagn unit coding and available tech-
nologies for transformer protection are also intiet. The ring main unit is a medium

voltage switchgear used in MV/LV transformer statiar secondary substations from
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which the feeder can be reconfigured e.qg. in tlee @ a fault. In the case of coding
CCF and CCV, C refers to the cable switch, F toftise used in transformer protection
and V for vacuum circuit breaker used in transfarmetection. A common circuit

breaker rating used for transformer protection ® 2mps and for medium voltage
feeder protection 630 Amps. (Northcote-Green 2086)

The switch is a relatively expensive component tradlefore its potential insertion in
the middle of the MV feeder requires careful plagnusing SAIDI and CAIDI values
to evaluate the benefits. The switch used in fepdetection can be used in overhead
and underground cable networks. In the urban caéteork the number of customers
after the primary substation switch is high. Thiae humber of unsupplied customers
during a fault can be reduced by adding a switcthénmiddle of the MV feeder. In the
rural overhead network the feeder length aftersthigch is high, thus the effect of add-

ing a switch would reduce break time even more.

2.5.1 MV/LV transformer protection in the protection amaa simulation case study

Distribution network relay protection should be awlinated in a way that each compo-
nent is protected. The protection zones should fmmmnbreakable, selective protection
chain from the primary substation to the LV netwarld even continue in the networks
of the customers. An individual link in this chasna single protection function of a sin-
gle protection device. The protection zone is thd pf the distribution network pro-
tected by the protection function of the protectitavice. These zones may overlap, i.e.
for one protected component there is a primarygatain device and a backup protec-
tion. Backup protection operates and opens thauitiiicthe primary protection fails,
e.g. the protection of the MV/LV transformer opesatif the protection of the LV bus-
bar fails. A simulation case study of the selecfivetection of the distribution grid is
presented in Appendix 1. In this study the ovemnirmprotection design is simulated
using Digsilent software. The protection zones from primary sufistato the busbar

of the LV customer and further are presented imfagAL
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A time-overcurrent plot can be used to determirgerttay settings in order to establish
the gapless protection chain. The correct protectettings needed for adequate com-
ponent protection and the adjustment of the gradiaggin, which is needed for selec-
tivity, can be determined using either a bottomeuptop-down method, i.e. starting
from the LV network of LV customers or from the HW substation. Normally the
top-down method is applied, because the latterdcoeduire very hard calculation, but
in a simplified network the bottom-up method isoat®ssible. The planning method of
the protection chain, using an time-overcurrent, gk presented in Figure A2 of Ap-
pendix 1. Figure A2 presents the overcurrent ptme®peration in the simulated net-
work, see Figure Al. From the perspective of thectelcal safety management of
MV/LV transformer stations it can be concluded ttrahsformer protection is selective
in both directions and primary and backup protectall operate correctly. This can be
deduced by comparing the transformer damage cuitlethe transformer protection
operation curve of the plot. Also, the backup prote will operate before the trans-

former is damaged.

2.5.2 Differential transformer protection

In case of in several faults, differential relayotection can prevent the distribution
transformer from causing further damage. Documéhtee ABB Group 2008) and
(Areva-TD 2008: 254279) discuss the application of differential proi@e of MV/LV
transformer. In addition, they address the eartit faf transformer secondary winding
and selectivity between the protection relay of tfa@sformer and LV relays. For ex-
ample, in a DY transformer the following faults che detected by using differential
protection:

- earth fault in secondary windings in resistanagkeed transformer,
- earth fault in secondary windings in solidly éad transformer,

- interturn fault in primary side,

- interturn fault in secondary side,

- primary winding phase-phase fault,

- primary winding phase-earth fault,

- secondary winding phase-phase fault,

- secondary winding phase-earth fault, and
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- core fault (Areva-TD 2008: 25279; The ABB Group 2008).

Differential protection provides a very comprehgagprotection for the MV/LV trans-
former, but requires many current transformersaashe seen in Figure 9. It also gives
ideal transformer protection when distributed gatien or backup generation are con-
nected, while it works if the power direction chasgDifferential protection works with
current measurements only, thus voltage measursnirerthe medium voltage side is
not neccessarily used, but they could be useddicate the direction of the current. An
application of differential protection and a prdiec case of the secondary side earth
fault is presented in Figure 9 (The ABB Group 2008)is secondary side earth fault
protection can be used in solid or resistance-edrdystems. The implementation of
Id> function of differential protection containsgse loops, which are used to measure
the difference in phase currents. Each of thesepeddent application threads, i.e. ob-
jects in parallel processes, is used to monitordifference in current measured from
the primary and secondary side of the same phaseldition to the three phase loops, a
secondary side earth fault protection loop is adtid> function is used to detect the
difference in secondary side zero sequence compamnehncurrent in the neutral feeder,
which reveals the secondary side earth fault, pteslewith red lightning symbol. It can
be seen that one CT is used to measure curreffiieofi¢utral conductor. The current
measurement of this CT is then compared with zequance component from the sec-
ondary side phase current measurements. The differ@ these measurements reveals

earth fault.
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Figure 9. An application of differential protection of tiMV/LV transformer with
an extra function detecting the secondary siddndauilt.
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2.5.3 Relay controlled fuse for economic distributiomtormer protection

New solutions to MV high fault current breaking bawt been widely presented. How-
ever, an automatic Sectionalizer has been develtgrecural networks and for eco-
nomic Sectionalizing. The Sectionalizer has angrad protection unit, which detects
the fault current and the de-energized state apdkisrthe connection during the de-
energized state, if fault current has passed tlutiddalizer. Therefore, it can be said
that the device has no breaking or making funcfidrese devices are used primarily in
MV overhead network T-joints (Northcote-Green eR@0D6). A controlled fuse might
be a cost-effective protection device. One ideaaf@ost-effective protection of trans-
former is presented in Figure 10. As with autom&ectionalizers, it has no making
function, but in MV/LV transformer protection thauit current making function is not
as important as the breaking function becausesfaare not frequent. The question
therefore is, could there be a more economic swiutd high current breaking than a
switch, which could enable relay control and mamiig, at the same time. The basis for
the protection idea is the controlled MV fuse toused with the switchgear. A relay
detects the transformer fault (see list of detdetédlts in Section 2.5.2) and sends a
break signal to the fuse control. The fuses areiapeequipped with explosive charge.
In a transformer fault the remote monitorable défdial protection relay sends a trip
signal to the fuse control unit using IEC 61850eThise control sends a break signal to
the three fuses. The encapsulation of the fuseeptevany breaking parts of the fuse
from causing trouble. The protection function oé tbontrolled fuse is partly imple-
mented in the relay, differently compared with #igtomatic Sectionalizer. For the
normal switching operation and for remote contioduit “open” call, a spring-powered
circuit breaker with manual re-close, available e@gABB Safering and ABB Safeplus,
ring main units could be used (Vinter et al 2008)is function could be implemented
e.g. in the remote control unit instead of theyelowever, in a transformer fault the
three phase separation of transformer must be donqeactise this would mean break-
ing all the three fuses. The relay should also dgté one fuse is blown from some

other cause than overcurrent. This could triggsyommetry alarm, for instance.
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Figure 10.  An idea of MV/LV transformer protection configtion using controlled

fuses, differential transformer relay protectionEClI 61850 i
communication with the fuse control and IEC 618aéhpled values
communication with current sensors.

The transformer failure indication is received e tcontrol centre in real time. A
SCADA schematic diagram of a MV/LV transformert&ta with controlled MV fuses
and a spring-powered circuit breaker is presemdedure 11. The diagram shows e.g.
MV remote disconnectors with green diamonds anastoamer controlled fuse which

is blown with red rectangle. Also, an indicationgsage from the relay is shown.

ALARMS:
MMO 123,
Blown MV fuses,

transformer

SCADA MMO

protection

=——=

Figure 11. A SCADA schematic diagram of a MV/LV transforméatgon with
controlled fuses, differential protection and reencontrolled

disconnector.
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2.5.4 An application of reserve power generated in thegcd

If a MV/LV transformer failure occurs, reserve povean be connected by using a mo-
bile generation unit, the connection from the nbalring transformer station or the
backup generation unit of the DNO customer. In #pgplication the switching of the
own backup generation unit of the customer is erathi Switches are usually operated
manually and thus the interrupt duration is pauiknown. At present new transformer
components are easily available and the tools laadkills of personnel needed for re-
placement are good. Also, when the reserve powenexdion is well planned in ad-
vance, the manual operation can be straightfonaad the interrupt time tolerable in
many cases. However, if the interrupt risk is cdesed to be too high, automation
could be used to minimize this risk. Many of thelfa causing interruption are not
transformer faults, but those of the MV feeder. Tagt can also be elsewhere in the
network. Automation could allow the vital operatsorontinue to stay in operation such
as the operation of water pumping stations andevaster plants. It could reduce the

interrupt time especially if fixed generation ipépd.

When reserve power is fed, a part of the grid islenato an isolated subgrid. The new
relay protection settings depend on the generaiomection point with respect to pro-
tection devices and the generation size. Why usdag? If the power delivery route
changes, new settings may be needed, which algotih@ksmaller short-circuit power
into account, but still preserves selectivity. Wint use a fuse? The major differences
in overcurrent protection between a LV fuse andrel\ay protection can be seen in the
shape of the operation curve. Better sensitivitgnitoring and automated switching
functions are achieved by using relay protectiogle&ivity can be achieved by using
either fuses or relays, but the configurabilitytbé relays makes protection changes
more flexible if the underlying grid topology chaasge.g. in reserve power situations or
after the addition of DER resources. The selegtigit LV and MV protection can be
determined by using e.g. a time-overcurrent platjlar to the one already presented in
Figure A2 in Appendix 1. The effects of reserveayation on LV relay settings are dis-
cussed in (Heinonen 2006). Often in overcurrentgmtoon it is only the grading margin

that needs to be adjusted when the subgrid is maoplith reserve power. The normal
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and reserve power protection settings can be saveédo setting groups in the relays.
This makes it easier to change the setting whemtidetopology changes. The reserve
power group settings could be then automaticakegranto use and the normal setting

group restored when mains is available again.

Let us examine the SCADA schematic diagram showrigare 12, which presents the
monitoring and control possibilities enabled by thky protection. The network con-
sists of an MV/LV transformer, a dividable LV buspa reserve power generator con-
nected to the LV busbar, and LV feeders. The iigitit LV busbar relay (1) can detect
supply interruption. The relay trips and sends e the LV busbar disconnector (2)
and “change new setting group” to relays (3) .0Al%rip” is sent to the generator pro-
tection relay (4) and “start” to generator (5). @rihe generator is at nominal speed, it
sends “clear” to the generator relay (4) and theeggtor is connected to the LV sub-
grid. A part of the LV grid is supplied with reserpower from the generator. Once the
main connection is available and detected by r&|after the delay, a reverse command
sequence is started, which restores the originay reettings and grid topology. How-

ever, some delay is needed to make sure the mammection is steady.

s 300 2]

Figure 12. Reserve power supply of LV grid using a generdtdf relay protection,
local control and a command sequence are used.
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LV relays are primarily used only in industrial dgi in Finland at present. This is
probably the reason why communication protocolslabie for compact switches and
LV relays are those used in industrial applicatidf@r applications, such as presented
in Figure 12, hard wiring can, of course, Umed instead of a communication bus. IEC
protocols, such as IEC 61850, is recommendablesfapte operation also in LV distri-
bution grids and for interlock and remote trip ftions. Therefore, distribution grid pro-

tocols could be seen on the LV product developrignin the near future.

2.5.5 An application of reserve power supplied from MV/tNdnsformer station

In a MV/LV transformer station fault situation asesve power supply from the
neighbouring transformer station is a commonly usedtition, if the neighbouring
transformer has leftover capacity available. Thedee switching operations in this
situation are typically manual. However, autométicctions can decrease the interrupt
time significantly and thus the effects of the povess are minimized. Therefore, local
and remote changeover functions are efficient m risserve power supply from the
neighbouring transformer station. A local changeduaction can be triggered e.g. by a
MV/LV transformer protection relay trip or a fuseown indication signal. The remote
changeover function can be triggered similarly, th& operator in the control centre
accepts the reserve power command sequence, seddBstSCADA. The automatic
switching of the LV network increases the risk efgonal injury due to the automatic
electrification of the repaired part of the networkerefore, safety procedures must be
strictly obeyed and it is highly recommendable tthegt part of the network being re-

paired should be both disconnected using the mahs@dnnectors and grounded.

Figure 13 presents an example of the applicatiah@®MV/LV reserve power from the
neighbouring transformer station. It presents #rmaate changeover function, in which
the command sequence, approved by the operatay 8ADA, is sent to LV relays
and remote controlled disconnectors. A transforpretection relay e.g. Vamp 52 (1)
and an LV bus protection relay e.g. ABB SACE PR{2Bare used. A normally open
motorized switch-disconnector, e.g. ABB OTM 250, (8)used in the middle of a di-
vided LV busbar of the cable cabinet, which is tedeon the boarder of the neighbour-

ing LV grid. An indication of the transformer faikiis received by SCADA from the
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MV relay (1). The relay (1) sends a trip commandhi® LV busbar relay (2), remotely
and automatically. The operator sees the availedypacity of the network (B) and the
consumption estimate of the network (A). These @dnd formed by forming load pro-
files based on the current measurements of theftamer protection relay or using
normalized load profiles. The operator acceptsciyeacity check and accepts the re-
serve power supply scheme from network (B). SCARAds a “change protection set-
tings group” command to the protection relay of thebusbar of the transformer sta-
tion (B) and a “close” command to the motorized telui Once the transformer is
changed the supply can be restored by acceptinghdinmal supply scheme from
SCADA.

L1 %l

Figure 13.  SCADA schematic diagram of reserve power sufmoyn theneighboring
transformer station using the LV core connectiohleaetwork andhe
remote changeover function.

The Helen LV network topology is discussed in (Manen 2007) and this topology
was used as an initial parameters for the presertatve power changeover function.
In the Helen LV network a core connection cablemogk is used, in which MV/LV

transformer stations and cable cabinets are coediedith a thick core cable. Near the

transformer station a pair of 185 rhis used and further away a single 185 Twore
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cable connects the cable cabinets. Cable cabiaetb& supplied with electricity from
multiple transformer stations, but normally thedlmgy is radial. (Vartiainen 2007)

2.6 MV/LV transformer overload detection and the cadtian of aging

The normal load of the transformer can be concludea the distribution transformer
rating directly in terms of kVA. The nominal loasl defined as the current output at the
nominal voltage at the rated power of the transtarrifthe transformer is overloaded if
this nominal load current is exceeded. The overmarent overheats the winding insu-
lation, which accelerates the aging of the tramsér Hence, the expected lifespan de-
pends on the loading conditions of the transformAging is not restricted to the funda-
mental frequency, but also the harmonic currentscathe hot spot temperature. An
overload increases aging significantly and is ddpahon the amount of the overload.
Extreme overloading can burn the insulation of wieding and the oil of the trans-
formers if protection does not work. However, ttensformer can safely and temporar-

ily be overloaded, when the ambient temperatureat@mling effect.

The overload can be detected by measuring the phasents of the transformer. The
algorithm can simply follow the true RMS valuespbfase currents. The transformer is
in overload if the RMS phase current exceeds theimal phase current for a time pe-
riod. Once the overload is detected, an indicatimm be given. The overload setting can
be defined by using sizing recommendations (Angf&8; Simonen 2006), for exam-
ple. Some useful methods of monitoring the loadng@@nd hot spot calculations are
discussed e.g. in (Pylvanainen, Nousiainen & Ve2B07). In addition to the trans-
former MV or LV phase current measurements, thieodohg methods to deduce the

load current information are presented:
- protection relay measurements,
- measurements using transformer metering unit,
- load calculations using summed customer eneffgyrimation, read hourly,

- load calculations from summed load informatiamg a
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- load calculations from load estimates, which eiptustomer group load pro-
files and the number of customers in these groBglw&néinen et al 2007).

Figure 14 presents potential NIS/DMS tools suitdblethe monitoring of the load of
the distribution transformer, which can be usedojoeration and maintenance purposes.
With a web server and advanced web technologyM4LV transformer station in-
formation can be transmitted to the DNO personnel subcontractors. An NIS/DMS
navigational view of a MV/LV transformer stationpgesented in Figure 14 a. The view
contains an active overload warning and its synifselred triangle. The graphical view
of NIS/DMS system is useful, because the switclsiiagus of the LV grid and the coor-
dinates of the transformer can be seen. If thiplgcal view is presented in web form, it
can easily be used in mobile devices e.g. when ® Ddm or a subcontractor is dis-
patched to the site. The peak load measuremehedfansformer, in Figure 14b, is one
of the most checked measurements of the transfosta¢ion. This virtual peak load
gauge view shows the peak load in respect to tmeimad load in an easily readable
form. The main differences compared to the trad#élopeak load gauge are that the
digital measurement can also provide both a timenptand the peak load value. The
peak load could be checked anywhere using a mdbilee, e.g. a laptop, PDA, tablet
or mobile phone. The bar graph, in Figure 14c, @dd used to present the loading of
the three phases compared to the nominal loadcdloars of the bars could be used to
indicate the load condition of the phases, i.eegr®r below nominal, yellow for near
nominal and red for nominal or an overload. Thalldagram, in Figure 14d, can pro-
vide information about a chosen period of inteeegt a month, week or day. From this
graph the network operator or designer can findtib@ttime of the overload and com-
pare the profile with the calculated load profitessee whether e.g. a LV network re-
configuration or the redimensioning of the transfer could be the solution needed. If
the peak load is temporary, no action is neceysaetded. Also, when reserve power is
needed, using the capacity of the neighbouringstommer, overload detection is useful

in monitoring the condition of this transformer.
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Warning: transformer #1234 overload

<

(@) (b) () (d)

—

50 m

Figure 14. Graphical tools for the load monitoring of the MW/liransformer sta-
tion. The navigation of LV grid in the NIS/DMS sgst and the trans-
former overload warning are shown ).(The virtual transformer pe
load gauge is shown ib). The transformer phase current bar graj
shown in €). The loading compared to the nominal load is esged i
different colours. The historic view of the loadfle of the transforme
Is shown in @).

It should be possible and easy to access the phaisent measurements of the trans-
former during the different activities of the dibtrtion operator also from the field. One
idea for easy distribution grid component navigaii® to exploit the NIS/DMS graphi-
cal information system. Also, web servers and adedndynamic web pages with a
graphical information system (GIS) e.g. Google mepsld be used to make the data
easily available and accessible. It is assumedpofse, that security issues should be
taken into consideration. However, internationalviee providers, e.g. Google, store
information from searches. Some of the informatbthe electric grid and some DNO
customers could be considered confidential inforomaeind therefore should not be
publicly distributed.

In Finland electrical heating reaches the highedtas during the cold winter months
and therefore also the highest loading peaks oatw@n the ambient temperature is
freezing cold in many park or pole-top transformétewever, the ambient temperature
does not have a cooling effect if the transforneini a heated space or in a well-
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insulated house. Heat pumps are replacing direcdtrat heating. Hence the load de-
creases when the ambient temperature is above ButGemains the same below -10
°C degrees. Some heat pumps can be used for cahlimgg the summer time, which

can already be seen as a change in the load préfiiskanen et al 2009). Overloading
also increases transformer load losses e.g. 18stmominal load may mean 1.4 times
nominal load losses (Prasnikar 2007). These losselsl be avoided if the overload is
detected, the loads are managed and the transfeineeis properly selected. In Finland
there are public recommendations for transformengiand overloading, documented
e.g. in (Anjala 2008). Also, DNO-specific instruarts are used in planning and network
construction, documented e.g. in (Simonen 2006 Gbncern is that upgrading or
changing worn-out transformers too frequently asohgi overrated design recommen-
dations could cause unnecessary costs. A goal oftonimg of the load of the trans-

former is to optimize the size of transformers. sTehould be taken into account in
planning networks. An overload detection systemlccquovide the maintenance and
operation processes with exact information. Alsteraporary reduction of the load of
the transformer could be done in time by changiggrtetwork topology. A better man-

agement using automation of temporary overloadéddengthen the age of transform-
ers. However, secondary components, including aatiom can never be used to ex-
tend the life of worn-out primary components. Tleay only provide good company for

the healthy ones.

2.7 Real-time state monitoring of the LV network

In the previous chapter real-time transformer loaehsurement was introduced. The
transformer current and power measurement couldtibeed in DNO processes. The

voltage of the point of connection (POC) of thetoogers must be calculated. To do
this, based on transformer measurements, the padkand the maximum voltage drop
of each LV grid are calculated. Real-time transfarmmeasurements enable the real-
time calculation of the POC voltage of the cust@sreard hence also graphical indica-

tions about exceeding POC voltage limits usingNH&/DMS system.
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Let us consider MV/LV transformer terminal and auseér voltages. The POC of the
customer voltagé), has the following relation to the load currdntand no-load trans-
former voltageE:
U=E-IZ, (2)
whereZ is the impedance of the transformer and LV conahgct
However, because complex power is delivered tactlstomer and because the imped-

ance of the LV network is complex, the voltage dogm be presented using active

power,P, and reactive powek, and an approximated equation in the following way

AU :M, (2)
U

where
Ris transformer and LV network resistance,
Xis transformer and LV network reactance and
U is voltage of the POC of customer.
This can be further expressed using load curteas follows:
AU =Rl cosd + Xl sind, 3)
where
d is the angle between voltage and current.

It is known that the impedance of the LV networlaisiost resistive and the equations
can be further approximated, if necessary, by iggothe influence of reactive powé&r

and the influence of the reactan¢ef the LV network in equations (2) and (3). Hence,
the voltage drop is directly proportional to actp@wer and the real component of cur-

rent. (Bollen & Gu 2006: 556)

The previous equations could be used to evaluate@C voltage in the case of a single
customer per transformer, where the entire loadeatirof the transformer is drawn by
this customer. In reality, there are multiple L\éders, T- joints and multiple customer
connections per LV feeder. Therefore, multiple rdthexist for the estimation of the
transformer load current division to the LV feedefghe transformer station and fur-

ther division in cable cabinets to connection cab@ne method for the estimation of
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measured transformer current division is basedhencustomers’ yearly total energy
consumption figures. This information is availalniehe NIS/DMS system. A more so-

phisticated method could be found using customewsisumption data, measured
hourly. This data can be used to form consumptrofilps. In the absence of measured
profiles also normalised profiles could be useddtrulate current division in the LV

grid. Hence, the POC voltage of customers couldabeulated in real-time using trans-
former load measurement and consumption profiléso, AAMR techniques have been
developed to monitor the EN 50160 voltage levek tata provided by AMR meters

for state estimation have been studied and repettedn (Mutanen 2008).

2.8 Unbalanced load detection function

The imbalance of three-phase systems causes eattag) of the neutral conductor and
stress to the transformer. At unbalanced loadstasmonic currents increase the load-
ing of the neutral conductor. For example, thedtmrultiple harmonic current wave-
forms of the three phases do not compensate eaeh. dthe residential LV system is
designed in such a way that the loads are disgtbhatjually to the three phases in elec-
tric power centres of customers. However, alsorduriormal operation the load cur-
rents are somewhat unbalanced, because single-jolaasedraw currents from different
phases at different times. These single-phase lfvads different sources are summed
up in the distribution network and the summed migare distributed more and more
evenly to three phases on the way upstream. Thetetwe light imbalance of MV/LV
transformer load is normal. In a faulty network th&alance of the transformer may
increase and may even cause the transformer t@megked. The LV busbars L1, L2
and L3 of the transformer are in Finland usualiytpcted by MV fuses or LV fuses. LV
feeders are usually protected by fuse-switchesreftie, the unbalanced load may re-
sult from the operation of the phase fuse. Alstraasformer failure, broken cable or
failed cable joint can cause imbalance. The nebuabar and the neutral conductors of

LV feeders are not usually protected by fuses.
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The unbalanced load detection function is posdiblenplement using max and min
algorithmic functions. The current imbalance, ingemtage)imbaianceCan be calculated
by 100 %- ( max{l 1, L2, lis}- min{lIq, I2, I3} ) / max{l.q, l.2, I3}, Inverse time
characteristics can be used in addition to theguegage setting to adjust the system. On
the smallest possible detection level the functiakes and the imbalance alarm could
be given or a trip could be executed after congduoperation time. (The ABB Group
2000)

The unbalanced load detection DA function is pdssib implement in a LV network
where three-phase current measurement, suitabldifiEligent electronic device) and
communication devices are available. The natuia ionbalance is the greatest near at
the customer point of connection. Therefore, the/MW¥/transformer station provides a
good place to monitor the imbalance of the LV dsttion network and the trans-
former. The function could be implemented in thengformer protection (differential
transformer protection) or power quality monitoridgvice. The NIS/DMS graphical
network map could be used to present an overalysisaf the loading state of MV/LV
transformers, where the current imbalance, transforcapacity and warnings could be
presented using graphical symbols.

2.9 Monitoring LV network switching actions

In the medium voltage distribution network the shihg actions are recorded. Usually
also name of the responsible operative is recortiee.information on the primary sub-
station relay action or on the state change ofé¢hmote controlled disconnectors can be
automatically recorded. The manual switching actiare recorded by the operator us-
ing NIS/DMS or SCADA switching events record fornhs.the LV network a similar
recording system of switching actions does notteXise switching event could be re-
corded by the operator if the customer has lefvddil message, a switching action or
a fuse replacement is needed, for example. Newntdoyy has become available,
which enables to record LV network switching acsio®ne of the advantages of such a
system is enhanced security and automatically epd@ipology information. The fuse-

switch state, either open or close, can be detdnyeasing a micro-switch and a fuse
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blown with a fuse blown indicator (Efen GmbH 201This state information can be
enriched with timestamp and component locationrmétdion, recorded in the fault log
and forwarded to customer systems. The functignafitan outage communication sys-
tem based on AMR alarms is introduced e.g. in (Kittaikonen & Myllyméaki 2009).
The outage communication system could use real-tnfegmation coming from the
micro-switch of the fuse-switch or from the fusewh indicator event.

In a radial network the LV voltage measurementshef MV/LV transformer station
could also be used to monitor the switching of lWéd-switches by the utility or sub-
contractor personnel. The indication could be fatrog comparing the LV busbar volt-
age with the voltage after the fuse-switch. If isdtage measurement value at the same
instant is the same, zero or nominal, for instatieefuse is intact and the fuse-switch is
closed. If the voltage of the same phase differg, the bus voltage is nominal and the
fuse-switch voltage zero, the fuse is blown. Ifthkk phase voltages of the three fuse-
switches at the same instant differ from the pheadtages of the LV busbar, switching
using a fuse-switch has occurred or all the thused have been blown. However, the
probability that all the three fuses of the fusetslwblow simultaneously is less than
switching activity. Therefore, the switching actyvcould be indicated, recorded and the

field crew dispatched.

In addition, the switching state recording systermoduced could also contain work
monitoring, the detection of unauthorized use aal-time customer messaging func-
tions. The event information coming from fuse blosmmicro-switch could be received
by LV SCADA or by OPC database, for example. Theetds a system introduced in
the context of the AMR DMS integration systems. Tdexjuence starts when the
NIS/DMS system receives an event from the fuseetwifA database query can be
done. In this query the matching could be donel®.gomparing the co-ordinates in the
work management database of the transformer staticable cabinet with those of the
NIS database. The co-ordinates of the two systeansatready be linked, when the
work order is entered. Also, the name of the DN@Gqe responsible for electric work
and information of the subcontractor can be reathbyNIS/DMS from the work man-

agement database, if a match is found. The opesatmuld be asked by the system to
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verify the switching action. If no match is fouritle data could be entered manually by
the operator, but if unauthorized use is suspetiedield crew with a watchdog should
be dispatched. The number of outage clients anadutege duration could be recorded
automatically based on the LV network informatidnNdS and the present switching
state information of DMS. The outage informationma@sorded the fault and outage da-
tabases. Based on the non-electrified LV netwof@rmation stored in DMS and elec-
tronic contact information of the customer storadhe customer information system

(CIS), the customer can be informed about the @usagomatically.
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3 POWER QUALITY AND DISTORTION LOCATION FUNCTIONS

In Chapter three power quality (PQ), and the disinrlocation, i.e. fault location, are
discussed. Power quality measurements can, in somanstances, be used to track the
origin of the fault. Also, the same IEDs may bedis® produce both fault records and
power quality measurements. Therefore, these twtddaee called cousins and both are
discussed in this chapter not only to focus on M¥/ttansformer station and LV grid
systems and functions, but also to give the readdrance to evaluate system require-
ments suitable for different PQ and fault locationctions. The PQ and fault recording
data are used by many processes. A single intésruptay have an economic impact
on DNO business, on the business of the electn@tydor and on customer business,
for example. In addition to financial considerasppower quality and fault recording
information are used in the processes of electsafdty and network management, for
instance. Equipment damage may occur, if powerityual weak. Using PQ measure-
ments and fault recordings it may be possible taitoothe condition and health of the
components. Therefore, also fault and asset maregepnocesses may benefit from

the measurements.

In this chapter functions that utilize PQ and faeitording information from MV/LV
transformer stations and LV grids are introducdake @efinition of the power quality is
first presented. A brief review of the results framternational studies is then presented.
It shows the development status of the PQ monigooihMV/LV transformer stations
and LV grids. The PQ measurement system of E.OMuU{aElectrical Network is pre-
sented, because it represents well a systemadlization of PQ data. Of all PQ quanti-
ties harmonics are focused on. The power electrim@ds are increasing, which will
increase harmonic currents and reactive powergiffittered properly. Hence DNOs
could in future expand services or be encouragethéyegulator to use power quality
shaping functions in LV distribution grids in fueurAt present, however, filtering sys-
tems are used primarily in customer networks, bgit & active power electronic grid
interface and energy storage applications coultlerRQ shaping solutions also in dis-
tribution systems at a small additional cost. Tiseuksion of the quality of voltage con-

tains some theory of propagation of harmonic vasagt the LV level. It may help
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DNOs to evaluate suitable locations for monitoramgl filtering applications in MV/LV
transformer stations and LV grids. Processing P@faualt recordings should not con-
sume the scarce recourses of DNOs. Therefore, EQaait detection systems should

be taken into use gradually, using standard prégcaad efficient ICT.

3.1 Power quality and standardization

Power quality has an impact on the efficiency, sécand reliability of the distribution
network, but the term power quality is normally dide express the quality of voltage
and current. A PQ definition is given in (Fuchs &s&bum 2008) and this definition can
be adjusted to form a new definition needed fordiseussion of PQ in MV/LV trans-

former stations and LV grids as follows:

“ Power quality is the measure, analysis, managenaei shaping of the qual-
ity of distribution system voltage and current ahe frequency of these two.
One of the objectives of PQ management and shdpmgions is to maintain

the sinusoidal waveform at the rated voltage aeddiency.”

In addition to the previous definition, power qtyis defined in the measurement stan-
dard IEEE 1159 and in the term dictionary IEEE &a8powering and earthing concept.
(Fuchs & Masoum 2008)

In Europe the EN 50160 standard, published by tmefiean standardization organiza-
tion Cenelec, is considered perhaps the most esfestandard by DNOs concerning
power quality. The EN 50160:2010 is the latest ieer®f this standard and it defines
voltage quality quantities for frequency, amplitudaveform, and symmetry of voltage
in distribution in a normal steady state and triamgistate, each distribution voltage
level, LV, MV and HV, being discussed in separatapters of the standard. The
steady-state requirements or recommendations iactigfinitions for voltage peak,

flicker, asymmetry and harmonic wave. The trangigiate requirements or recom-
mendations include the definitions of transientrgutage and voltage sag. The EN
50160 standard defines distribution voltage proeermlso at the point of connection of
customer (POC). It is referenced in the terms aWvoek service VPE 2010, which is
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used in connection contracts to define service s¢eognmost DNOs in Finland (Ener-
giateollisuus 2010). (Cenelec 2010)

The VPE 2010 also defines that devices of the custshould meet with the require-
ments of the applicable electromagnetic compatyb{(EMC) standard, if defined for
each individual device. In practice this referdie EN 61000 standard and it defines
e.g. the electromagnetic compatibility levels ofiides and their immunity. It can be
applied when PQ problems in the customer grid leairred and must be solved by
negotiating with customers. Also, the limits of th&rmonic currents of devices of cus-
tomers are specified in EN 61000, but DNOs are liysoeore concerned about the total
load and therefore the standard can be appliedM@®$in negotiations with customers,
if necessary. Power quality is measured using uaridevices. One of the most dis-
cussed recently is the PQ measurements using AMiersnélhe IEC 61000 standard
includes definitions of the requirements and cfasdion of measurement devices. If
multiple measurement devices all meet with theschasequirements of the IEC 61000-
4-30 standard, the measurement results should éesdime and accurate. The IEC
61000-4-7 standard specifies requirements for harenand inter-harmonic measure-
ment methods and the IEC 61000-4-15 for flicker sneaments. The standard EN
50160:2010 refers to the IEC 61000-4-30 standarsbitage sag measurements, for in-
stance (Sirvi6 2011: 14-15). (IEC 61000-4-30 200B& 61000-4-7 2002; IEC 61000-
4-15 2003b)

The term power quality can be used as an umbreidia to include also reliability and
availability. It could also contain the idea of\@ee quality. After the winter storms of
December 2011 and January 2012 in Finland many BM® customers, if they had
been asked to define power quality, they would hgiven the following answerWhat

is power quality without power distribution servi¢eHowever, automation can be used
also to help reporting reliability and availabilitfhe most significant factors defining
reliability are perhaps the duration of permanandts and the frequency of short inter-
ruptions (Partanen, Verho, Lassila, Jarventaustakbpuro, Strandén, Kaipia & Maki-
nen 2010). In the statistics permanent faults dowdtsnterruptions are presented using

the system average interruption duration index,[8Aand the system average interrup-
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tion frequency index, SAIFI. These indexes mustdported to the regulator by DNOs.
Availability is well described using the momentaayerage interruption frequency,
MAIFI, which is used to express the number of thmaeute breaks or less per client
per year. These service quality indexes were albirdefined in the IEEE 1366-1998
standard, which was revised in 2004 (IEEE 1366-2084).

Power quality disturbances cannot be examinedoystsing the EN 50160 standard in
the distribution grid. One possible approach igxamine the disturbances of the elec-
tric system caused by electric devices, failedrithgtion components or lightning, for
example. Another approach is to examine the exposiuthe personnel and civilians to
the disturbances caused by the system. In botls ¢hsedisturbance can be classified
based on the way it is conveyed. Hence disturbacme®e galvanic or electromagnetic
depending on whether they are conducted or radi&edice-to-system galvanic dis-
turbances are e.g. over-currents and voltagesemuand voltage transients, voltage
fluctuation, i.e. flicker, swells and sags, intg@tions, voltage asymmetry and earthing
faults. (The ABB Group 2007=R).

The MV/LV transformer and conductors may cause eded radiated electromagnetic
disturbance due normal or fault operation. Theatal due normal operation is normal
if a certain threshold level is not exceeded. Beedhe voltage level in the LV network
is low, depending on the load, the current leveal lsa high, and once it is directly pro-
portional to the magnetic field, the field can @wevice malfunction and excessive
exposure to human beings. Therefore, in additiothéoPQ of the distribution voltage

and the EMC requirements of the devices, also res@mdations concerning human
exposure to the electromagnetic field, specifiegl & the European union Directive
2004/40/EU and Finnish social and healthy minigigt STM 294/2002, should be

taken into account. (Valkealahti 2008)
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3.2 PQ measurements and presentation application®ratlire

The Council of European Energy Regulators (CEERpmemends that programmes
monitoring voltage quality should be launched irrdpean countries. Therefore, The
Union of the European Electricity Industry, Eurete; a sector association represent-
ing electricity industry including electricity drdbution network operators (DNOS),

made a survey to map the present PQ situation rwiteimember organizations. The
results showed that permanent power quality measanmes produce important data,

which can be used for the following tasks:

- to plan and implement appropriate mitigation noees in order to provide the

sensitive customers with better power quality,
- to allow trends of power quality parameterdéomonitored,
- to monitor voltage quality and adherence ofdéads, and
- in cross references to customers complaints.

Voltage quality at the point of connection of thesmmers of the majority of European
DNOs should meet with the EN 50160 requirementsthin survey the majority of
DNOs answered that they measure the following geltguality parameters: 10-minute
average voltage, rapid voltage changes, long-téickef severity, voltage imbalance,
total harmonic distortion (THD), individual harmosi dips and swells. 82 % of the
DNOs reported that they use permanent power qualggsurement devices in MV
busbars and 50 % of DNOs reported that they haaeRQ measurements at other volt-
age levels than MV. 81 % of DSOs report that thayeha system, which enables col-
lecting and storing PQ data. (Eurelectric 2009)

EDF has been studying power quality and espedminonic levels and their changes
in French LV networks since 2000. In (Berthet, By Gauthier & Sabeg 2007) were
reported PQ measurements using 20 measurement. fiddesumber of nodes is low
with respect to the fact that EDF has 28 milliostomers, but although there are only
20 measurement nodes, EDF PQ measurements repteséinious measurements and
an analysis of harmonic levels in LV networks franbong time period, which is only
possible using fixed PQ measurement nodes. Theurezhgalues of 5 residential dis-

trict nodes, 4 light industry nodes, 7 office amanenercial zone nodes and 4 LV net-
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works nodes, which were installed at the end ofrie#works, were compared with the

voltage quality standard EN 50160. The resultscagid for instance the following:

- The share of fifth harmonic was found to be higin. tBe average 5th har-

monic frequency was 4 % in 95 % of all measuremdrite maximum value
in EN 50160 is 6 %.

- The harmonic levels was found to increase and thkiptications of non-

linear loads was mentioned as main reason for (Batthet et al 2007)

In South-Korea, the Korean Electric Power Corporais designing a new function to

be implemented in the distribution automation syst&he monitoring point possibili-

ties are presented in the feeder model of FigureThis DA power quality monitoring

system contains the following monitoring pointsinpary substation, distribution sub-

station, switching station, automated switches, iomdvoltage and low voltage cus-

tomers, and distribution transformers. The PQ fiencis designed to be used in remote

terminal units and the system is designed to spadtaneous indications about exceed-

ing threshold values. The values are configuretraeg to the PQ standard IEEE

1159. Having received the indications, the operator download the PQ recordings

and analyse them in an analysis program. (Ha, Pk, Kwon & Park 2007)

Feeder RTU
or RELAY

Substation RTU
RELAY@ switch

intermediate

)

e
80

ml@)

@ = power quality monitoring

Feeder RTU auto-
mated switch

|
pole mounted ©)

MV/LV

AMR -meter
LV customer

Distribution
substation

MV Customer RTU

*©

(@)

PQ -
control
device

o9

Ho

Distributed
generation
RTU

Figure 15.  Possiblgpower quality monitoring points presented in (Ha2207).

New illustrative ways representing power qualitysystems of control centre are pre-

sented in (Cobben 2007). These include power guaiibnitoring and classification
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methods. In the classification method indices afi@oquality are formed, which repre-
sent the situation with respect to national regulétnits e.g. EN 50160. The PQ indi-
ces are formed by calculating the average valuestartlard deviation of the PQ meas-
urements. The method includes graphical representas well, where colours are used
to represent the classified indices. The princgdléhis classifying method is presented
in Figure 16a. The standard deviation and the geevalue are used to give an over-
view of PQ measurements in different locations. abeepted compatibility level corre-
sponds to the zero normalized level. The normaliza&ides are divided into classes,
which are presented using colours. An example ¢tfage measurements in MV/LV
transformer stations is presented in Figure 16ke Jtandard deviation on the vertical
axis is used to indicate how much the measuredesalpically differ from the average
value. A large standard deviation corresponds tgeldluctuation in measured values.
The average value of the voltage level is preseased dot on the horizontal axis. The
position of the dot on the vertical axis indicatbee deviation. The coloured area ex-
presses the class the index (dot) belongsThis method filters the weakest power-
quality measurements both in time and in place,idwery illustrative and gives a PQ
overview at a glance. However, the method presenté@obben 2007) could possibly
be used as an element in the analysis functiomzedilin the graphical map of the
NIS/DMS system. Hence, the method enables a PQsasalsing classification, sym-
bols and colours. (Cobben 2007)
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Figure 16. PQ classification method using colouring is showig). The vertical
axis shows normalized power quality level. The bamtal axis shows an
example of possible PQ aspects. An example of septation using stan-
dard deviation, average value method is showb)nMeasured voltage
in transforming substations (LV side) is presen{€idbbben 2007)
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Siemens has presented a PQ system using AMR meaiein (Abart, Lugmair &
Schenk 2009). This PQ monitoring system is a go@inple of a PQ analysis system,
which utilizes PQ information from AMR meters, tlogation information of the distri-
bution components displayed in the NIS/DMS systewh @ graphical representation of
PQ quantities. The system includes a classificatnstogram and graphical map pres-
entation of PQ measured by AMR meters. The clasditn of e.g. PQ voltage meas-
urements is implemented using 11 classes in totahdérmal, under and overvoltage.
Also, average, minimum and maximum voltages areutaied. An overview of the PQ
state of LV grids can be displayed using symbols$ amistribution map. AMR meters
reduce the amount of transmitted information. Thalgulate 15-minute values, which
do not correspond well to the EN 50160 requiremeritd0-minute values, but the
AMR system allows to measure the PQ of the distiGiougrid, comprehensively. It also
enables a measurement analysis using the NIS/DMt&my The system could be used
also e.g. to evaluate the need and location of oeanp or fixed PQ measurements. The

system has been piloted in Austria. (Abart et 8190

3.3 The PQ measurement system of E.ON Kainuu Electlealvork

Power quality is not considered problematic by DNfess customers complain of
insufficient power quality, which they think mayveacaused a failure or bad function
in their equipment. In many cases the complaintgate PQ examination procedures.
These are often done using temporary measurenrefigsland. In the MV distribution
network also fixed PQ measurements are used toRfi¥énformation covering a long
period of time and to see how power quality coroesis to EN 50160, which is used by
DNOs e.g. in their terms of delivery with custom@Msskanen et al 2009).

E.ON Kainuu Electrical Network is a DNO, which wés a systematic power quality
measurement and analysis system. In 2008 the E.@Mul network comprised
12 700 km of mostly overhead MV network, 5 200 MV/transformers and 5 200 km
of LV network, out of which 72 % was overhead natwd’he E.ON system includes
PQ measurements in MV/LV transformer stations and.V grids. A power quality

management and development mapping was done in (208Kanen, Oikarinen, Harti-
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kainen, Alasalmi, Rusanen & Pennanen 2007). Thewaspused to present compactly
the distribution grid, PQ components, distributroanagement systems, work tasks and
users of PQ data. These PQ users consist of custpoustomer service, technical cus-
tomer service, network construction, maintenaneasgsuarement service, subcontractors,
control centre personnel, grid planning, automatod protection planning, business
management and public authorities. The centre@tystem is the PowerQ PQNet sys-
tem, which is used to manage fixed and temporaryre@surement data. In addition to
the PQ data, also weather data is saved in PQNetreTare selected specific nodes
from the distribution network for monitoring powguality as follows. One fixed node
IS located in the substation, one in the middi¢hef feeder in the context of a remote
controlled disconnector and one temporary measureoca® be located in some the sys-
tem of the customer. A part of the mapped planadse MV/LV transformer station
measurements using MxElectrix EQL modules, and @tiowo of fixed LV customer
measurements. The PQ mapping project was foundilusgfthe DNO E.ON Kainuu
and can be used in PQ planning and developing.téslskanen et al 2009; Niskanen et
al 2007)

3.4 Harmonic wave propagation and distortion location

Power quality is often regarded as voltage qualitg the results of the measurements
are compared against the EN 50160 standard. Howédveustomers complain that
voltage quality is not sufficient, for example, tteuse of distortion source must be lo-
cated and filtered or otherwise eliminated or te&work reinforced. In locating the dis-
turbancies harmonic current measurements coulddredfuseful. From the perspective
of distortion location the harmonic current meameggts could be divided into steady
state and transitory state measurements. The fim@se and neutral current measure-
ments at the POC of customer can reveal each castoomtribution to the total har-
monic load current in the MV/LV transformer statiofhe harmonic load currents of
each customer flow through the upstream seriesdanee causing a harmonic voltage
drop. The harmonic load currents sum up and camdsesured in MV/LV stations. The
influences of the harmonic load current on the lamimvoltage are examined later us-

ing a propagation theory, but let us first studg turrent measurements presented in
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Figure 17. Four measurement locations are preseotedin MV feeder relay and three
in LV terminals of downstream MV/LV stations. ThéilD measurement may show that
the current of each measurement node can be édtquite a lot. However, by examin-
ing the current spectrum from B, C and D MV/LV tséormer stations, the share of
each harmonic frequency of the total load currer@asured by the primary station MV
feeder relay A, could be found. Hence, the shatbe@harmonic current contribution of
each MV/LV station of harmonic voltage could beleased and further studied if nec-

essary.
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Figure 17. Harmonic frequency current measurement used iruatin the contri-
bution of MV/LV transformer stations B; and D to the total harmoi
current in the MV feeder A of therimary substation and to the harmc
voltage level specified in EN 50160.

The transitory state analysis assumes that themupeak can be captured. Let us as-
sume that a current peak is captured from statiohh® magnitude of the current peak
affects the magnitude of the voltage distortiofoattion B. The voltage distortion can
be transmitted to locations C and D. The curreakpeeasurement, located in MV/LV
station, could in theory be used to trace the disto source to one of the measured
MV/LV transformer stations and to their LV networkehe distortion is stored in the
fault records. New memory techniques enable stagiggbytes of information locally.
Hence, memory should not become an obstacle, butttirent distortion capturing cri-

teria and automatic analysis methods can be fouibé tvery challenging.

The harmonic wave propagation theory could be Wsesktimate and evaluate the ef-

fects of voltage distortion in different parts o¥ lgrids. The power quality of the LV
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network has been studied and the results have fagished in dissertation (Cobben
2007). The propagation of harmonic voltages orvavoltage level depends on the lo-
cation of the observation point, the short-cir@otver of the source and the location of
the disturbance. There has been defined a tracgédficient, which is the ratio of har-

monic voltage at the same moment at these two pamfollows:

U
TUh,AB = U = (4)

h,B

where h is the order of the harmonic frequency,
Ty is transfer coefficient of the voltage signal,
Ua is momentary voltage at location A, and

Ug is momentary voltage at location B.

An example of the transfer coefficient usage anop@gation characteristics is pre-
sented in (Cobben 2007). This example is also shiovagure 18. The voltage transfer
coefficient is nearly one from the LV busbar of tM&/LV transformer station, A to
location B at a 500-meter distance. This meansttievoltage distortion at point A is
100 % propagated downstream to the customer cagthéatiocation B. This distortion
at A can originate from the MV network or the saigan be connected to a location
near point A in the LV network. The voltage tramsteefficient is nearly 0.1 from the
customer at location B to the transformer statibloe@ation A. This means that only 10
% of the voltage distortion at location B is proptagl to location A. The voltage distor-
tion at location B may result from load currentiwitarmonic content. Although, 10 %
of the voltage distortion originating from locati@nis transmitted to location A and out
of it nearly 100 % is propagated to all the LV feedconnected to location A. In reality
there is not just one customer with harmonic loamsected to LV feeder from A to B,
but multiple customers and harmonic currents sunthug affecting the overall har-

monic voltage. (Cobben 2007)



76

T=1 T=1

T = transfer
400kVA : by 5+j15mQ Z Z coefficient
_@)A 250 250n R MB
v v 7 Z=50+j45n0
T=0.1 T=0.1 150 mnf Al

Figure 18  Circuit diagram and its equivalent circuit of hamw voltage
propagation between MV/LV transformer station A andstomer
connected to the LV feeder at a distance of 500.r&rBm location A
harmonic voltages are almost entirely transmittetbtation B. From B
only 10 % is propagated to location A.

3.5 Distortion location function requirements

Faults, e.g. a cable connection fault or a caldelation fault, can cause transient har-
monic voltage. Depending on their characterisfiaslts can be classified as transitory,
intermittent or permanent. In (Livie, Gale & WaRQ07) LV transitory faults are clas-
sified as short non-fuse blowing faults, which nzémange from intermittent, repetitive
fuse blowing faults into permanent faults. The krag of the source of the intermittent
fault, for example, requires a high sampling fregpyeand trigged power quality re-
cords. An intermittent earth fault detection systesad in MV networks is presented in
(Sauna-aho 2008). It uses the sample frequencg shfples per cycle. This sampling
frequency is the same as used in the measuremenmanitoring device used in
MVI/LV transformer station, documented in (Hyvarinenal 2009b; Vamp Ltd 2008).
Thus an intermittent fault detection function couke the same hardware. However, a
much higher sampling rate and a pulse injectionodeof 500us are used in an LV
fault location technique called Time Domain Refteneter (TDR) (Livie et al 2007;
Siew, Soraghan, Stewart, Fisher, Fraser & Asif 200A order to catch the distortion
and produce fault records, especially of the n@efolowing faults, measurements us-

ing a high sampling frequency will be needed.

Also, adequate time synchronisation is needed wiertevo or more signals are com-
pared or when the cause is investigated. The facdttion application determines the

needed synchronization accuracy. For instancefatllielocation techniques using trav-
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elling waves need more accurate synchronisatioh,ldas accuracy is needed in an
analysis system in which the MV/LV transformer mtatmeasurement can be compared
against the MV feeder measurement at the HV/LV iios to see which distortions of

MV/LV captured fault records originate from upstreaetwork.

One synchronisation technique is based on globsitipning system (GPS). It is docu-
mented in (Livie et al 2007) that many availableSGdRevices can provide s accu-
racy, which enables the accuracy of 150 metrdsgcédtion techniques based on travel-
ling wave (TW) theory are used. Synchronizatiomlso possible to implement using
communication. A broad band wireless network cqarlsbably be used to enable syn-
chronisation in the range of a couple of ms. Thecfiwnality of GPS synchronization
has also been introduced in mobile phones. For pkarreeTimeBox application for
Nokia mobile phone is available for time synchramian. Further study could be
needed to see if the GPS technology of mobile phaoeld be used to enhance time
synchronization accuracy in MV/LV transformer stas, e.g. in fault location and PQ
recordings applications. An extremely accurate tgyrechronisation could enable tran-
sient recording analysis. There are also GPS dewid# pulse per second (PPS) output
e.g. Garmin GPS 18x LVC, which already offers hagicuracy.

Let us consider measurements in the MV/LV transtarstation. Distortion can origi-
nate from an upstream MV network, MV/LV transfornstation, downstream LV net-
work or from a customer network. The switching@t$ and faults of the MV network
are well monitored. Therefore, using an analysstesy, MV-related faults could be
recognized and eliminated from the list of all pbkesfaults. This would help to recog-
nize LV cable and transformer faults. In (Paszk@&antander & Gauthier 2007) a solu-
tion has been presented to determine the cause ddalt, deduced from PQ recordings
and real-time network data. In this system a PQuieseformed from a fault record or
from a triggered PQ recording. The PQ event is @asal with network components
e.g. a substation, feeder or transformer. Corpalatiare then calculated between the
event and the state changes of the quick breakeselcorrelations are needed for the

following reasons:

- The timestamp of the PQ event does not exactlgimaith the state change.
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- There is a gap between compared timestamps, vallsohdiffer.

Therefore, users of the analysis system are askegléct the cause from the list of
probable causes. Each cause is weighed by thensysiethe list of potential causes.
After the selection the cause can be associatddthvit PQ record and can be used in

PQ reports for clients, for examp(@aszkier et al 2007)

3.6 Power quality management using filters

The objective of distribution companies is to pdesiequal distribution service for all
the customers. Therefore, installing expensive R&pisig equipment in the distribution
grid is not the primary way for DNOs to manage poweality. However, by using
monitoring the low power quality or the distortisnurce could be localized. After the
localization the management includes the selectbra proper PQ improvement
method. The following power quality improvement huas can be used to resolve the

problem:
- decreasing the disruptive load or by addingaefilters to these loads,
- negotiating with customers about the replaceméttte disruptive equipment,

- contracts with customers and the connection reqents of the contract,

which comply with PQ standardization,
- passive and active filters, in customer and Diti@s,

- transferring the disruptive customer to anottémrid with less sensitive cus-

tomers or to a stronger grid, and

strengthening the grid (Cobben 2007; Makinenc200

In order to improve power quality with expensivethoels such as filters placed in the
MV/LV transformer station, financial discussions wia probably be needed with the
sensitive and disruptive customer (Niskanen eD@B2. However, if the problem occurs
and when it is the domestic loads such as enengggéamps and personal computers
that make the harmonic levels rise, the DNO cowdbligated or encouraged by the
regulator to manage harmonics and reactive powéhnarfuture. The installation costs
of PQ filters are compensated to some extent beieegy savings achieved using reac-

tive power compensation.
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There are plans to equip distribution networks veitiergy storages e.g. in the Kalasa-
tama project of Helen Electricity Network and itssaciates in Finland (Hyvarinen
2010). The energy storages are equipped with peleetronics. The storages may in-
clude a separate AC-DC converter, i.e. rectifierdiearging and an DC-AC converter,
l.e. inverter for supply or a single converter bmth tasks. However, in future applica-
tions a single transformer station could be equdppéh a combination of an energy
storage, active filter and dynamic voltage restdreiFinland the voltage sags are more
common in those primary substation MV feeders witiakie overhead MV feeders. In
urban areas uninterrupted power supply (UPS) dswace standard equipment in the
power supply of ICT and healthcare devices. To pcedhe UPS function the grid-side
converter of energy storage should be dimensionegeply in order for the supply and
protection to work properly. Therefore, studyingl@axperimenting with shaping power
guality should be discussed among Finnish distisnutompanies in the context of fu-
ture intelligent grids. The location of the energtprage in the LV network defines
whether the control and monitoring system is caledondary substation automation,

low voltage automation or something else.

In the LV grid the propagation and properties ofnti@nics can be taken into account
when deciding on actions to shape PQ. The harmaransbe grouped into zero se-
guence, positive sequence and negative sequeno®mias. This grouping is based on
a behavioural analysis of a different harmonic orcempared with the fundamental

frequency. In Europe this fundamental frequencyQidHz. The order of the instant val-
ues of the positive sequence harmonics in phaset2 and L3 is the same as that of
the fundamental frequency. This group of harmomickides frequencies 4,7,10,13...In
the negative sequence, which includes frequenc®8,21,..., the order is opposite
that of the fundamental frequency. With the triplearmonic group, which includes

harmonics dividable by 3, i.e. 3,6,9,12..., the phassommon to all the three L1, L2

and L3. The triplen harmonic currents cause areased risk of neutral conductor over-
loading and voltage distortion, because the impeelar the zero sequence network is
bigger than those of positive and negative sequeerteorks (Ghijselen, Ryckaert &

Melkebeek 2004: 181190). Also, a phase angle difference of 120 dedgoeéseen the

phases L1, L2 and L3 causes the triplen harmonid¢®tin the same phase angle in all
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phases at the same time, which causes the tri@endmics to sum up in the neutral
feeder (Bingham).

The connection diagram of a commonly used DY distion transformer and the be-
haviour of some common harmonics is presented €ig@a. The magnetizing current
triplen harmonics are cancelled in the primary wigd Third harmonics are zero se-
guence harmonics. The zero sequence network ddesontinue from secondary to
primary side. Therefore, third harmonics cannotntmasured from the MV side, i.e.
they are not propagated through the transformeg.tfiind harmonics are typically emit-
ted from the chopper power sources, i.e. switchedeypower supply used in consumer
electronics and computers. On the LV side thednglarmonics cause an increased risk
of an overloaded neutral conductor and lower payuality, which may cause malfunc-

tion of devices.

Third harmonics can be filtered in the LV netwosking a third harmonic filter. A typi-
cal application for a third harmonic filter is inet distribution transformers of computer
centres, where the power sources of the computedupe harmonics. The third har-
monic filter design and installation is presentedrigure 19b. The filter is installed in
series with the PEN and the grounding point andsthe point of the secondary side of
the transformer (The ABB Group 1999b). The sermsnection of the filter increases
the risk of a neutral conductor fault, which maysadangerous situations in the TN-C-
S system used in Finland. Therefore, monitoringrigxetral conductor is highly recom-
mendable, when a third harmonic filter is used. @atential solution to the breakage
detection of the neutral conductor in the transtrstation in the TN-C system is to
use the voltage imbalance function of MV/LV transfer relay protection. Another
possibility in the TN-C system is to add a sensitvervoltage detection function con-
nected between the neutral terminal and eartheofrdnsformer. The connection points
of this measurement are illustrated in Figure IMis function should be used to trip
the transformer protection relay when voltagg, éXceeds the threshold level over. The
filter operation, not the neutral conductor breakagould be monitored with power

quality measurements, i.e. by setting thresholdlgefor power quality events or indica-
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tions. For example, a spontaneous warning messagd be sent, if third harmonics

levels exceed the recommended level of EN 50160.

IMm m=yé570.11..
L1213k k=1,3,5,7,9,11,13,15 E E E E
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Figure 19. A diagram of DY distribution transformer and g®pagation of some
common harmonic frequency currents is showra)n Third harmonic
filter design and installation position diagram shown in D).
Overvoltage measurement for neutral breakage datestshown.

Passive and active filters are used in managingdiaic frequency distortion. Automa-
tion management also includes remote control ancitoring applications. These could
be included in distribution automation, if the M\W/lLtransformer station could be found
to be an optimal location for filtering. In Finlam@NOs rarely use filters, but some cus-
tomer transformer stations are already equippel thiém. The following passive ca-
pacitor banks are commonly used: automatic capabéoks for reactive power com-
pensation, detuned capacitor banks and harmotec éidpacitor banks (Nokian Capaci-
tors 2007). The passive harmonic filter can begiesi to filter a certain frequency or to
filter frequencies above a certain frequency (DeRloga 2006: 7972). However, with-
out blocking reactors passive filters may produaegérous resonance especially when
there are harmonics in the network and the resenfrequency and the frequency of
some harmonic is the same. The resonance is aqumtsee of the equal but opposite
reactance of the capacitor and the network (De &saRR006). Therefore, the harmonic
level of the network should be known prior to thiition of the filter, and blocking
reactors connected in series with capacitors avemeended. The harmonic level of
the network can be monitored and analysed, pri@ant afterwards the installation of

the passive filter with the help of harmonic cutrereasurements. In detuned filters the
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resonance frequency caused by the network andatteecttor is tuned below the lowest
harmonic in the system by adding the blocking @aat series with the capacitor
(Nokian Capacitors 2007).

New functions for MV/LV transformer stations withagacitor banks are shown in
Figure 20. A connection diagram of the monitorirayide used for the measurement of
harmonic current in MV/LV transformer stations wigassive filters is presented in
Figure 20a. The harmonic level is monitored from KY busbar. In filter malfunction
the harmonic level increases tremendously. The temmonitoring of the operation of
the filter, which is connected to the LV busbartiod transformer station, may prevent
process interruptions and filter and device dam&geause it enables early actions
(Tuomainen 2004). On the basis of an alarm of & kagel of harmonic current, the op-
erator could remote control the circuit breakethw feeder of the capacitor bank, dis-
patch a team or start negotiations with the clignaaddition to the monitoring function
of the harmonic current, also voltage imbalancdtage level and voltage harmonic
level measurements are useful in MV/LV transformsi@tions with filters. The voltage
imbalance or overvoltage causes stress to theveafilser and may cause damage to the
filter and customers devices. The voltage imbalameg be a consequence of a fuse
burn. Therefore, the fuse monitoring function soaliseful in passive filter applications.
(De La Rosa 2006)

In the distribution break or during even a smatéiruption the charge can be trapped in
the passive filters. Normally the electric fieldtbe capacitors of the filter follows the
polarity of sinusoidal voltage, but if the supplyltage is interrupted, the capacitors re-
main charged in the state of the polarity they wemmediately before a break. There-
fore, recurring short breaks due to recloser acfioninstance, increase the risk of high
transients, which will follow if capacitors havepsite charged polarities when being
connected. This is called capacitance switchingrtter to avoid switching to an oppo-
site polarity the capacitor can be discharged leefeconnection. For this purpose new
electronic discharge devices and a trapped volpagection with a function sequence

shown in Figure 20b could be used. An electronschitirge device connected to the fil-
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ter terminals is presented in Figure 20c (Nokiapdac#ors 2007). Discharging takes
time, which depends on the charge in the capab@aok and on the resistor size of the
discharge equipment. Hence a reconnection delayldlie used. To achieve this, one
possible solution is to use both the informatiamnfra busbar protection relay and an
intelligent switching of the relay in the feedertbé filter. The LV busbar relay detects
the loss of mains. Under voltage protection of pnetection relay of the LV busbar,

abbreviated U<<< , for instance, could be usectiate trip (1) the circuit breaker of

the feeder of the capacitor bank and remote conf@@atvhen the discharging is done
and voltage is restored. In addition to the trapgearge protection the shown relay pro-

tection enables the remote disconnection of theah¥ filter circuitry.

20kv 20kV
Monitoring Protection

— oav e
A sl =
S

T
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Figure 20. New functions for MV/LV transformer stations witapacitor banks. Har-
monic monitoring and resonance detection systeshasvn in (a). Trappe
voltage protection with a function sequence (b). éactronic capacit
discharge device (c) (Nokian Capacitors 2007).
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3.7 Advanced power quality management systems and comcation of MV/LV

transformer stations

Unlike passive filters, active filters do not praguconnection overvoltages, because the
charge will not be trapped in capacitors similaillire typical structure of active filters
contains an inductor, i.e. filter coil and powegattonic converter, i.e. switches and ca-
pacitor energy storage. The active filter conveidetypically controlled in such a way
that opposite phase harmonic waveforms are prodandcharmonic propagation is re-
duced or eliminated. In addition to harmonic filbgy, the power factor can be corrected
by using active filters. In future active filterrfations, harmonic filtering and power fac-
tor correction could be implemented in the gridesmbntrol of the energy storage.
Therefore, the management of an active filter bpgISCADA and NIS/DMS could be
used as a guideline on the management of energggst@pplications. Distributed en-
ergy storages have been studied e.g. in the ENVADE PAREE projects under the
Finnish DENSY program. Another example of an acfilter and energy storage used
in MV/LV stations is reported in (Kester et al 2009

Managements systems and the communication aralniéectf a MV/LV transformer
stations with energy storage are shown on the €igar The communication architec-
ture of this vision is based on the public interaed it consists of Ethernet and IP pro-
tocols, transformer centre gateways (GW) and tbal I® network in the MV/LV trans-
former station and the control centre. The IP netwamables multiple protocols to be
used, which can be used e.g. by energy trade,getoreanagement configuration, re-
mote control, power quality and web-based serviéesencrypted virtual private net-
work (VPN) could be used, when the traffic is tulted through the public network.
Standard IEC protocols are used to control distetwesources and filters. The intelli-
gent logical device of the energy storage couldnoelelled using the object-oriented
structure and architecture defined in IEC 61850iant$ later IEC additions. Advanced
management applications of energy storages, inajutattery management, could be
web-based and accessible also from the NIS/DMSsgysThe communication of the
energy storage consists also of that of the cordigan of the storage and that of energy
trade applications. The power quality measuremeéttieoenergy storage could be used
in a power quality database, in the NIS/DMS sysaeh in SCADA.
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Figure 21. A vision of MV/LV transformer stations with engrgstorage
management systems and IP -communication archigectu

The SCADA schematic diagram in Figure 22 shows &IV transformer station with

an active filter. It consists of the symbols of thisconnectors of the ring unit, the dis-
connectors of the transformer, the transformer,réiay of the LV busbar, the fuse-
switches of the LV feeders, and the relay of tredés of the active filter. In addition,

the active filter (red) and possible measurememdsiradications are presented.

MMO123:VARCONTROL | | 1rms,
MMO123:VARCONTROL V | 3ms

—<>—|:|— MMO123:VARCONTROL coso
i _<>_|:|_ MMO123:VARCONTROL P
3 MMO123:VARCONTROL Q
_Q_@_E_ MMO123:VARCONTROL on/off,auto

; | scADALV MMO 123 MMO123:VARCONTROL THDy;

<> L1 MMO123:VARCONTROL warning
—<>—|:I— MMO123:VARCONTROL alarm

Figure 22. The SCADA schematic diagram of a MV/LV transforrms&ation with
an active filter. Examples of possible variabléarras and warnings
of an active filter on the right.
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Extensive monitoring of LV processes and of PQaadiwith SCADA contain a high
number of points for both measured and calculasgddes. The pricing of SCADA prod-
ucts depends on the number of the points needasl h@k provided until now a reason-
able way for small and large distribution companeafford SCADA updates. In order
to allow large-scale, multi-value LV monitoring, meSCADA and NIS/DMS pricing
ways would be needed. A new pricing that is noetdasn the number of points could
eliminate the unnecessary virtual grouping, stnesand condensing of LV informa-
tion. A relational database, for instance, is cégabhandling very large databases and
the processing and memory capacity of the inforomasiystem has increased exponen-
tially. Also, high-speed networks have become awddl and are developing fast. The
actual bottleneck could therefore be the pricinghe® SCADA product. Also, DNO
work resources are needed for the configuratiaefLV network monitor points to be
programmed into SCADA. This is expected to be aterssive task (Laaksonen et al
2009).

3.8 Broken neutral conductor detection and broken phasductor insulation detec-

tion

The TN-C system is used to connect the MV/LV DYtriition transformer and the
network of the metering cabinets of LV customerse hetwork of LV customers is
TN-S. Therefore, the overall system is called TN&Gystem and it is used in new LV
networks in Finland at present. The TN-C abbrewsrmatiefers to the coding of the
grounding arrangement. In this code, letter T geterthe DY connection of the trans-
former and to the neutral point of the low voltayge, which is directly earthed. Letter
N refers to the exposed conductive parts, whichcarmected to the neutral conductor.
Letter C refers to the combined neutral (N) andeuiive (PE) conductor. Letter S in
TN-S refers to separate N and PE conductors. Ustlal translation from TN-C into
TN-S is implemented by grounding the PE conductat lnking PE and N busbars in
the metering cabinets of the customers. TN-C-S witltoken neutral conductor is pre-
sented in Figure 23. The system has combined taeadNPE conductor from the trans-

former to the customer point of connection (PO@)POC the PE is grounded and N
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and PE separated. The exposed conductive parisadt land electric equipment are
grounded using the PE conductor. The AMR is usualtgted in the POC of LV cus-
tomers before the separation of N and PE. (Schn&igetric :75-185)

: : : L1 12 13 N PE

AMR LOAD

_— — 11— L
1 ] ! !
1 _—

Figure 23. TN-C-S low voltage distribution system used in &id. An arrow in-
dicates the location of the broken neutral cable.

The direct return path of the single-phase loadthéosource is missing, if the neutral
cable is broken or missing. When a single singlasphoad is switched on, the current
drawn by the load may search an alternate routaitfir the ground to the source, but
because of the higher resistance, the potentidl lmisbar changes near the phase poten-
tial that the load is connected to. Through theneated load, e.g. an electric stove or a
washing machine in the bathroom, the neutral bupbtential changes with the phase
conductor potential and through the N and PE buglial;, also this potential may exist
in conductive parts, which are grounded by PE cotaits. The impedance of the local
earthing rod influences the PE conductor poterinal the resistance of earth. Usually
also the loads of the customers are distributemitin three phases and a mixture of the
loads are connected during the neutral conductalkbrmHence, the position of the neu-
tral point can be constantly shifting dependingaa the mixture of connected loads
e.g. the plates in the electric stove, and the rdazs combination may be found

through a terrible misfortune. (Cohen)

Cohen presents the situation and available detesttutions used in Southern African
countries, where TN-C-S is used and also the cdnalyoof the ground is poor because
of dry weather in (Cohen). When the neutral conglucbnnection is missing, three-
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phase systems that include single-phase loads ny@srience voltage shifts between
the star point and the three phases, dependindh@rbdlance of single-phase loads
across the three phases. Therefore, overvoltageqgbian is suggested in addition to the
standard earth leakage circuit breakers for custéevel protection. Also, an option of
monitoring the neutral to earth voltage at the fasiof N to PE joint is introduced.
(Cohen)

AMR-based methods have been presented for misngral conductor detection in
Finland (Tekla 2011; Kerédnen 2009; Tryg et al 20l@yentausta et al 2007). In docu-
ment (Kerdnen 2009) two operating principles of AM&sed neutral conductor break-
age detection and some detected weaknesses asntpresin the NIS/DMS system
there has been developed a function that can deterthe fault based on the number
and location of the AMR meters which have sentnasarin overhead networks simulta-
neous faults may occur due to a stormy weatheing&tance. One simultaneous fault is
an MV phase fault and LV neutral cable broken fafiit MV phase fault and a broken
LV neutral conductor can both cause LV voltage ilabee. Distinguishing the different
faults using the unbalanced voltage indication ftbemAMR meter may be challenging.
An algorithm of distinguishing an MV phase faulbrin a broken LV neutral conductor
fault is also introduced in (Kerdnen 2009). Simmétaus undervoltage and overvoltage
or just undervoltage is used for MV fault detectaomd just overvoltage for the loss of
neutral detection. The adjustment of sensitivestmoél detection levels can be chal-
lenging. Detection based on AMR alarms is alsadliff during a major fault, because
meters are powered from the grid. If the mains ectian is lost, the meter loses both
power and connection to control centre. Nevertlselesce the MV missing phase fault

is cleared, it improves the probability of detegtmeutral cable broken fault.

In a radial network the probability of AMR-basedutral conductor missing detection
could be improved by comparing the AMR voltage measents with the voltage
measurements from the LV terminals of the MV/LVnstormer. Voltage imbalance,
due to an MV fault, can be detected both in theténinals of the supplying MV/LV

transformer and in the measurements of AMR melerseutral cable breakage the

voltage imbalance can be seen from AMR phase ttraleroltages measurements only
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after the breakage point. The phase to phase edtegmain the same also when the
neutral cable is absent.

Residual current is a vector sum of the instantase@lues of the current in all the
conductors of a circuit at a given point in an tieal installation. Residual current can
be measured e.g. by using a toroid coil presemdedgure 24. If the vector sum of the
instantaneous values of the current in all the gotats is not zero, a magnetic flux will
form in the toroid and a current is induced, whigmeasured by the RCD circuit. The
indication level is adjusted in the RCD circuit.sA| zero sequence current sensor
measurements using e.g. Rogowsky coil could imptbeeaccuracy, because the DC
saturation of the iron core does not cause problemRCD sensitivity. Residual cur-
rent detection (RCD) is one of the techniques tioaild be used to detect neutral con-
ductor absence, but in the TN-C system the mulgpiehing points of the PEN conduc-
tor can cause the neutral current to seek newsdhteugh earth resistance and hence
make detection difficult. Also, the leakage cureetiirough capacitance between con-
ductors and earth, and the leakage currents db#us make the RCD level settings dif-
ficult. Therefore, RCDs are not recommended for TheC system in (Merlin Gerin
2005). The RCD technique is and could be applicabiaany parts of the TN-C-S net-
work. The most applicable place for RCD is probadilyhe separation point of the cus-
tomer TN-C-S, and if applied, it could be attachedhe communication of AMR me-
ters or even integrated to the AMR meter. The usdglee TN-S LV grounding system
instead of TN-C would enable RCD usage in multiplection protection applications,
also in MV/LV transformer stations and thus inceeaafety. At present the RCDs are
used primarily in the LV socket installations adrisformer stations in Finland, because
SFS-EN 6000 states that outdoor LV power sockedallasions, including those used in
park MV/LV transformer stations should be protechgth a residual current protection

device.

RCD detection usage in TN-C system and in MV/L\hsfarmer stations could be fur-
ther studied. A separate grounding current measemercould improve the usage of
RCD also in the TN-C system. The detection prireciigl that RCD would detect the

changes in recidual current of the main LV feedetransformer and the extra earth
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current measurement would detect, if the returnteranf the leakage current goes
through the transformer grounding wire. This enle@nBRCD might be used to detect
the insulation fault of the phase conductor or bheakage of the neutral cable occur-
ance near the transformer. The placement of suasuement is indicated in Figure
24,

_— —— L1
— ] L2
i - — L3
PEN
EARTH CURRENT _, )
INDICATION —
INDICATION

&CONTROL
OUTPUT

Figure 24 RCD detection using a toroid and the positioraextra earth curre
measurement. TN-C system.

The appearance of current transformer, attachdabtio the neutral conductor of the
MV/LV transformer and to the phase conductors efttlansformer, is presented in Sec-
tion 2.5.2 and in Figure 9, for example. The présaifferential protection enables the
detection of LV earth fault currents in the MV/L¥ahsformer, but new functions, let us
name them RCD and PEN-N, could also be used tedezulation faults and neutral
cable breakage faults near the transformer. Intiaddio measurements of the differen-
tial protection presented in Figure 9, these nemctions require a new PEN conductor
current measurement. In normal operation the lodghlance and zero sequence har-
monics are seen as zero sequence current. In thé $y$tem this zero sequence cur-
rent uses the PEN conductor as a return path. BENed as far as the grounding point
of the N-busbar and after that the N conductoiseduwup to the N-terminal of the trans-
former. In the phase conductor cable insulatiorit fée return path of the phase current
may be found through the ground or through the mpioshield of the cable. Thus, the
zero sequence measurements from phase conductbiBEdv shows a difference, but
this difference differs from measurements of theddductor and phase conductor zero
sequence, because some of the zero sequence e¢simauted through the ground or the
ground shield of the phase conductor. In a nectable breakage fault, the PEN and N

conductor current difference indicates leakageerurthat uses transformer grounding
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as the return path. Thus a PEN cable breakagetimedransformer could be detected.
The PEN cable detection function is also calledinaéweable breakage detection in lit-
erature, also because different grounding systemsised worldwide. Further study,
simulations and practical tests in different grangdenvironments are needed to distin-
guish the correct levels of RCD and PEN-N functsattings in order to evaluate its
usefulness in detecting phase conductor insuldtdahs and breakage of neutral con-

ductor near the MV/LV transformer station.

In underground networks fuse-switches are usedid@a of selective cable insulation
fault detection and PEN cable breakage fault detedf the faults near the transformer,
could possibly be implemented using new optionak @T fuse-switches. The near
transformer fault can be understood as the faatieszhere between the transformer sta-
tion and the next grounding location of the LV feedThe RCD function in a TN-C
network would require four conductors, L1, L2, U3daPEN fuse-switch current meas-
urements and the cable grounding before these mesasuots. The three-phase fuse-
switch current transformers are presented in Se&ib0 and in Figure 26 (b). The add-
ing of the fourth neutral fuse could, however, esgothe system to the loss of neutral
fault, if the fuse of the neutral is blown and th&inot detected. At present the fuse-
switches used are typically three-phase fuse madesCT is also used in each of the
three phases. However, if a four-conductor fusdetwes with optional CTs are used to
enable RCD, a short-circuit blade could alterndyiv® considered instead of the fuse.
Instead of a CT in a fuse-switch, an external Cthefneutral conductor could be used
to enable RCD or all these four CTs could alsodpéacced with a zero-sequence current
sensor. This RCD function idea for LV feeder faddtection in the TN-C distribution
system would require further study and tests. df fimction proved to be efficient, the
detection system could later be included in theatenctontrol system. Remote control
system functions could include the remote discotime@nd grounding of the faulted
phase conductors using e.g. a motorized switchremte spring-powered trip of the
fuse-switch. At present also LV relays with residoarrent protection, such as ABB
SACE PR 123, are available. They could possiblyded in order to set up a detection
and protection system. It is possible, howevert try-spring powered semi- auto-
matic remote fuse-switch disconnection systems fualy out to be cost-efficient

enough for LV distribution networks.
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3.9 An application of messaging system intended tociase the safety of the person-
nel in earth faults

The distributed location techniques of a MV ea#dhlf are being developed in parallel
with one- and two-end location methods. A good @l&wr the distributed sensors in a
cable network can be found in the MV/LV secondaupstation (Kumpulainen et al
2010). In document (Hyvarinen et al 2009b) a zemusnce earth fault current sensor
connected to the automation system of the MV/LVidgfarmer station is presented. The
earth fault current can produce dangerous stegauuih voltages. The earth fault might
be the result of broken insulation near the secgnsiabstation. The voltage is the high-
est at the point where the current enters the groliherefore, the personnel are ex-
posed to a risk due the dangerous voltage of thengied parts caused by the MV earth
fault. The risk is high in the MV/LV secondary stdion because in the TN-C-S sys-
tem groundings are connected through LV networlkuigdings also to distant points
and because there are grounded metal enclosureMitegrid components with possi-
ble faults in insulation of components. The gromgdiin the MV/LV substation are de-
signed in such a way that the voltage rise shoatderceed the limits. However, if the
detected earth fault could be automatically infadnadout, the fault could be isolated
and cleared faster and extra safety procedures @eulised by the personnel.

Earth fault location techniques are developing tamtyy. Several techniques are studied
and introduced, e.g. earth fault location methdds tise zero-sequence impedance cal-
culation and variable transient analysis methodseQhe earth fault can be located ac-
curately, also a warning system can be introdudé@. system locates the operative
near the earth fault and sends a warning and irgtom to the field the mobile device
of the operative. The following idea of a warningtem is suitable for many dispersed
techniques and it utilizes MV/LV automation and tipié databases. The idea and ar-
chitecture of a warning system is presented inlei¢db. The measurement of the MV
earth fault is in this case based on zero-sequemtent and voltage measurements lo-
cated in the MV/LV transformer station. The measgrilevice sends an earth fault in-
dication spontaneously to the SCADA system andaissferred to the NIS/DMS sys-
tem, in which a fault location function can be g¢eged. The fault records can be
downloaded and analysed. The location of the darth is calculated on the basis of
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fault record and network component information. Week management database con-
tains information about scheduled work and it carekpanded to contain information
about the location of the personnel. NIS/DMS cous@ this information in the work
management system and send a warning of dangetesasd touch voltages to the
personnel. This warning could contain a graphicaprof fault location and warning
messages. In addition to the personnel, the warcontd also be sent to subcontractors.

The IP communication architecture enables the diparaf the system.
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Figure 25. An illustration of step and touch voltage warnimglanformation sys-
tem based on distributed MV earth fault measuremantheMV/LV
transformer stations.

3.10 Personnel and civil safety management, magnetat éeposure limitation appli-

cations

Civilians, DNO personnel and sensitive equipmeny fba exposed to too high mag-

netic field of MV/LV building transformers. Instrtions for measuring magnetic fields



94

in buildings are presented in document (Jokela RO@3the recommendations of the
Finnish Ministry of Social Affairs and Health theage two values for the maximum
density of the magnetic field given: the root meaqsare value, 100T and the peak
value 140uT. Recommendations concerning human exposure teldatromagnetic
field are specified in e.g. the European Union dive 2004/40/EU and the Finnish
Ministry of Social Affairs and Health Act STM 294@2. The harmonic content of load
current affects the peak value, which is determiogdhigh pass filtering the magnetic
field measurement and then evaluating the amplinfdbe peak. The exposure of the
personnel of electric utilities to the magnetiddies studied in a Finnish MS-Safety pro-
ject and the results are reported in document @&#hti 2008). The results show that
the exposure is high in work procedures such asuniggy the transformer load current
from the LV terminals or from LV feeders, changthg LV fuses or resetting the trans-
former temperature peak load meter. The risk ofessive magnetic field exposure

could be reduced as follows:

- using automation, fixed measuring and monitoeggipment instead of man-

ual measurement and checks in high-risk areas,
- using magnetic exposure shields in cable cabiiigksmo 2009),

- installing CTs or current sensors to MV/LV insaéibns and using wiring or
wireless systems for measuring and checking fraafa distance or remotely,
open CT secondary circuits should be avoided (MotdiGreen et al 2006),

and

- using field mitigation techniques in design (Heakuternauer & Schiesser
2007). (Valkealahti 2008; Jokela 2003)

The need to go near the high magnetic fields deesgaf automation, fixed measuring
and monitoring equipment is used. In many DNO ajp@na only portable devices are
used for load measurements. In addition to thesed fmeasurement devices are used
especially in MV/LV park and building MV/LV transfmer stations, installed during
the previous two decades. However, these devieesarusually connected to the con-
trol centre and therefore the devices do not comjilly the distribution automation cri-
teria. An example of this kind of device, quite coonly used in LV measurements in

Finland, is presented in Figure 26a. The curremiygy and voltage measurements are
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possible with this device. Although remote operati® not commonly used, the risk of
exposure to high magnetic fields becomes less, usecananual measurements are
avoided using a fixed metering device. However, thg power quality and fault diag-
nostic measurements are not possible using theeeWiown in Figure 26a. Therefore
doing these manual measurements still causes exgusuhe magnetic field. The re-
mote measurement could also be used to evaluateskhef exposure to the personnel,
because the risk increases when the transformeémig&urrent increases. Based on the
loading profile information of the transformersgtbbligatory manual measurements

could be scheduled to a non-peak load period.

The risk of magnetic field exposure can be avoidist by using temporary portable
measurement devices, if the measurements are mawettie auxiliary compartment
instead of transformer terminals or LV feeder cablkehis is possible, if CTs or current
sensors are installed in MV/LV transformer statibefore commissioning and they are
wired as far as the cross connection in the auyilGbinet. If also measurement de-
vices with communication are added, remote pro@sdbecome possible. This can save
time and provide accurate real-time information decision making. A fuse-switch -
unit with compliant integrated optional currentiséormers are presented in Figure 26b.
These CTs enable, if they are installed and wingéar po powering the LV grid, auto-
matic or manual LV current measurements from a dstance of the magnetic source.
Hence measurements are possible without high miaghelid exposure e.g. from an
auxiliary compartment of MV/LV station. A diagranf a fuse-switch with current
measurements is presented in Figure 26¢. The readgrnotice that the CTs are in-
stalled before the switch in the normal supply cio; and therefore can be used also

by e.g. fuse blow detection and load control fusrcdi

A detailed construction drawing of the transfornmstation could be attached to
NIS/DMS network information with the informationofn magnetic field measurements.
Magnetic fields produced by the distribution systiatiow Ampere’s law. Therefore,

the information in the drawings and the monitorofghe peak loading and harmonic
content of the transformer during these peaks mikpsssible for the user of the

NIS/DMS system to analyze even the worst risksxgiosure. In the analysis function
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graphical symbols could be used to present thepwsits on the map and in the con-
struction drawing. This analysis could reveal pslnts, in which mitigation techniques
could be used to reduce the risk. Also, schedwiagk can be used to do the high- risk

tasks in a non-peak period.

(@) (b) ()

Figure 26.  Avoiding exposure to magnetic fields by usingeti measurement de-
vices. One current, voltage and power measuremarice&l commonly
used in Finnish MV/LV transformer statiorfa) (Elkamo). Integrated
optional CTs in a LV fuse-switch (Efer)( The location of the current
measurements in the diagram of the fuse-switth (

3.11 Overvoltage monitoring system using informatiomfra lightning radar system,
weather station, NIS/DMS and PQ devices

Lightning is formed when particles in the cloudsvihg opposite polarity interact.
There are cloud lightning and earth lightning. Gldightning occurs more frequently
than earth lightning. The operation of lightninglaes is based on sensors that are used
to triangulate the location of the lightning, basedthe signal delay. The precision of
the system depends on the density of the sensahe isensor grid and the intensity of
the lightning. The present location precisionbsw@ 500 meters. The lightning locator
has a delay of approximately 10 seconds and thieaypghtning density is approxi-
mately 60 cases of lightning per 100 %per year. The climate change will affect the
occurrence of lightning due the warming climate (tikainen 2006). The most com-
mon effect caused by lightning is overvoltage tkdtansmitted to the network by con-
duction from a stroke into a tree or high structnearby. According to a study about

the network of E.ON Kainuu, out of all the faulieared by speed reclosing 27 % is
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estimated to be caused by lightning and with tHp bethe MO surge arrester the num-
ber of speed recloses can reduced in the overhetaebrk (Parviainen 2008). In the
MV overhead network the voltages induced by a nedightning stroke are more

common than in the cable network. However, antensas for telecommunication and
the high structures of distributed generation egpib®e distribution systems to the ef-
fects of lightning. (Makela 2009)

DNOs use weather services, which may include therdmate data of lightning radars.
It can be used by DNOs to evaluate the lightnintyiyg in the distribution grid area.
The radar system provides some possibilities toitmothe occurrence of lightning.
The lightning stroke co-ordinates from the radastem and the grid co-ordinates from
the NIS/DMS system could be compared to evaluage pitobability of a lightning
stroke near the network. This co-ordinate inforomatiPQ information and the relay ac-
tion information could be used to dispatch thedfielew and to evaluate the severity of
the impact needed for customer and fault repant&ddition, in the document (Kagan,
Matsuo, Duarte, Itocazo, Ferrari, Vasconcelos, Dgues, Rodrigues & Monteiro
2007) procedures are presented to determine whigghéming strokes can damage the
equipment of low voltage customers. The distandevden the striking point and the
given customer, as well as the withstand capalléigl of a given piece of equipment
are needed for evaluation of damages due lightniffige history of lightning co-
ordinates could be also used when protection agbkghgning overvoltages is planned

or when recommendations are given.

Figure 27 presents an idea of a monitoring systemch could be used for the monitor-
ing of lightning effects. The system consists ofitcol centre and distributed systems.
In the control centre, the power quality datab&@ADA and NIS/DMS systems are
used. SCADA receives the action data of the refah@® MV feeder. The local weather
station provides e.g. wind, pressure, humidity semdperature data. The lightning radar
service provides earth lightning co-ordinates. pbeer quality system in the MV/LV

transformer station provides overvoltage infornratibhe operator is sent automatically
a power quality or interruption report, which codie used in reporting to complaining

customers.
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The basis of this PQ event managing system is pregen document (Paszkier et al
2007). In comparison with (Paszkier et al 2007)itlea presented in Figure 27 is en-
riched with PQ system data presented in (Niskanneal 2007) and lightning radar in-

formation data presented in (Makela 2009).

The overvoltages in the LV grid can be monitore¢hw?Q monitoring units, e.g. de-
vices presented in Table lin Section 4.3. Therettaee major causes for temporary
overvoltages in the LV grid: lightning, switchingdcapacitive switching. Based on the
PQ analysis system presented in document (Pastké#r2007) a solution has been of-
fered to determine the cause of the fault from B€mdings and real-time network data.
In the system of Figure 27 the PQ measurementmyséads a PQ event. The PQ event
is associated with a network component, a substafeeder or transformer in the
NIS/DMS system, for instance. Correlations can thercalculated between the event
and the state changes of the quick breaker. IM¥MAV transformer station a PQ de-
vice measures voltage quality. In lightning neatty voltage is induced into the net-
work, and after the threshold value is exceedgmhveer quality event is sent spontane-
ously. Based on this PQ event a power quality itcan be downloaded by the PQ da-
tabase system. SCADA receives information fromNhé feeder relay if the induced
overvoltage causes relay action in the primary o or in the intermediate relay.
The information of a PQ event and SCADA relay attawe compared with each other
in the NIS/DMS system. Weather data is collectedhfthe lightning radar and from the
local weather station. Based on this weather datp, a thunder storm and lightning
near the distribution grid are detected. In a tleursiorm the speed of wind can fluctu-
ate and increase heavily. The weather data, edlyettia lightning stroke co-ordinates
provided by the lightning radar can be then assediavith the action of the quick re-
closer and with the measured overvoltage eventil&iy other PQ events could be
associated with network or weather events. Thetioimality of NIS/DMS could be
used to estimate which components may have beeagi&gimSomething may have been
damaged, when the lightning strikes a tree or adbustorm fells trees close to the dis-
tribution grid. A power quality report could be seautomatically to the operator and

further to complaining customers or those custortteashave ordered the PQ reporting
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service of DNO. For the majority of customers theeiruption statistics, i.e. the start

and end time of the interruption may be sufficient.

Power Quality DataBase & WebServer NIS/DMS &WebServer

MVILV overvoltage
weather station data
lightning co-ordinates
SCADA relay actio

MV/LV PQ record
PQ overvoltage event

PQ fault repor
5 LV grid area
. interruption time
. Event desc
e . Component id
72 A A Event in PQDB
‘ Description
“overvoltage due
lightning”
R SRIRERIEEEEEEEIREED || =) SRR ety
L,
Pressure T
Wind 2 i .
Humidity nghtm_ng
Temperature co-ordinates
ing
DB
4
L,
| ————
MV/LV Overvoltage Customer
reporting
email
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\
V/LV

Figure 27. A monitoring system for estimating the effects cdather and light-
ning on power quality of customers.
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4 INFORMATION AND COMMUNICATION TECHNOLOGY

In this chapter four information and communicattechnologies that utilize informa-
tion from the MV/LV transformer stations and the lgvids are discussed, including
hardware and software. Because the MV/LV transforstegion and the LV grid can be
seen as a link between the MV distribution netwamid the LV customers, also the sub-
station, feeder and home automation are discuss@uynfrom the perspectives of pro-
tocol integration and synergy. Communication enalie remote procedures of distri-
bution automation and hence it also enables atyasieDNO processes, which are re-
ferred to in other chapters. Control centre systamsessential on the ICT platform of
DNOs. The ICT platform consists of local and remststems, protocols and interfaces,
also used to manage information from MV/LV statiam&l LV grids. At present serial
communication is commonly used in the communicatibtwo directly connected de-
vices in MV/LV transformer stations. The IP and IBC850 protocols are, however,
utilized in the majority of the communication ptatihns of new primary substations.
Therefore, the chapter deals with the utilizatidrpeesently used serial and future IP
communication in the intra- or intercommunicatidriM//LV transformer stations and
LV grids.

In Chapter one the term DA, published in (Bassedlet988), was introduced. It in-
cludes the requirements of the communication systewords “remote monitor, coor-
dinate and operate”. Although many MV/LV transforns¢gations have been equipped
e.g. with a monitor and measurement device in Rahléhe lack of communication has
not enabled DA so far. In Chapters two and threetians for “remote monitoring, co-
ordination and operation” were introduced. In tth&pter the focus is on the word “re-
mote”, i.e. ICT systems enabling remote control,nitasing and protection-related
functions which utilize ICT. Let us consider a wisary SCADA schematic diagram of
the MV/LV transformer station presented in Figu& Zhe control consists of the re-
mote controlled MV disconnectors of the ring urdi}, (a transformer protection relay
(2), an LV busbar relay (3), the status informatainfuse-switches (4) and different
measurements and indications, for instance thesfwamer temperature measurement

(5). The ICT architecture of Figure 21 enables tbote functions needed for the
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monitoring and control of the system presentediguie 28. The architecture consists
of control centre level systems, the communicasigstem of the long- distance link and
MV/LV transformer station level systems. These Is\@n be seen also in the DA sys-
tems of the present and piloted MV/LV transforntatiens introduced in Chapters one,
two and three. In addition to the systems in thatrob centre and transformer stations,
the ICT architecture also contains communicatiartqmols, some of which are specific
for electric distribution applications.

MEASUREMENTS

1234 transformer load

1234 MV transformer current
1234 LV phase current L1
1234 LV phase current L2

(4)
1234 LV phase current L3
1234 LV phase voltage L1 1) (2) 3)
1234 LV phase voltage L2 B
1234 LV phase voltage L3 — < >H
1234 LV THD _
1234 transformer temperature .

INDICATIONS (5)
1234 transformer temperature alarm
1234 disconnector failure alarm

1234 SF6 pressure alarm

1234 battery voltage alarm

2
>

BN
|

)>J>:>J>J>J>3‘>|

o=

Figure 28. An example offemotecontrol and monitoring of thMV/LV transforme
station. ICT is needed to enable the shown funatityn

4.1 Horizontal and vertical communication of the MV/IthkAnsformer station auto-
mation

In the communication of distribution automationréhean be seen both horizontal and
vertical communication. Vertical communication camsist of the traffic from the con-
trol centre system, e.g. SCADA, up to the substatiomputer or the intelligent elec-
tronic device (IED) through the local area netwarkthe control centre, the long-
distance link gateway, e.g. M2M server, the intermethe private network and the
long-distance gateway of the MV/LV transformer istat Horizontal communication is
information exchange between control centre systdarsinstance, commonly using
Ethernet-based local area network (LAN) and IP qools. The control centre systems

introduced in Chapters one, two and three con$iSGADA, NIS/DMS, power quality
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database and vendor- related management systeaaks(nen et al 2009, Hyvarinen et
al 2009a)

Let us examine communication of the DA system, Whscused to manage the MV/LV
transformer station and the LV grid presented guFe 21. When systems in the control
centre communicate using information originallyawed from the distribution trans-
former station or they exchange information abarhgonents of the transformer sta-
tion, this is can be said to form control centnelantra information exchange and also
called horizontal communication. Vertical commutiiga, from the bottom up, starts
from the MV/LV transformer station. Actually, veréil communication starts from dif-
ferent sensors e.g. the current transformer, utrttelligence of the communication is
in devices that are traditionally called remotertial units (RTU). At present there are
also devices capable of local communication, catlextiote monitoring and control
units (RMCU) e.g. ABB REC 523 and measuring and iteang units (MMU), e.g.
VAMP WIMOTEC 6CP10. Long-distance link communicatias typically imple-
mented using an integrated or external communicat&vice. If a public IP network is
used, this device can be called a gateway, bedtcae be used to provide a connection
to a remote location. Figure 21 showed also th&iponf the communication device of
the long-distance link and, by using it, the in¢ght electronic devices can be con-
nected to the control centre LAN and to the disiitn management systems. (The
ABB Group 2008; Vamp Ltd 2008)

4.2 Protocol theory, OSI and IP protocol stacks

A protocol is needed to interchange data betweensigtems. In order for communica-
tion to succeed, not only the electrical charasteriof the physical media, but also the
format of the transmitted data blocks, control @nsmission, error handling, speed
matching and transmission sequencing must be agnedxy the two systems. This is
done using the rules of conventions, i.e. a prdiagbich must be the same at both the
ends. The term protocol architecture is introduaten different functions needed for
communication are implemented in the subtasks ydr&d modules. These modules

form a vertical stack, in which the modules proveggvices for the module of the next
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layer. The best-known models of protocol stacktheeOSlI, i.e. ISO 7498 and IP proto-
col stack models. The OSI reference model anduhetibn of the layers are referred to,
when the protocol structure of protocols used sitrdiution automation communication
is discussed. The physical interface introduce8ention 4.3 corresponds to OSI model
layer 1. The IP model is referred to when new fhistron automation protocols e.g.
IEC 61850 are discussed. Therefore, also the thafdihe protocol reference model and

the IP model are briefly dealt with.

Layer 1 defines the electrical functional and pdagal characteristics of the physical
medium and also the connector types. Layer 2, a ld# layer, is used to define reli-
able communication. The communication is framegl, $plit into data blocks with a
header and trailer added to them. The informatiothé header and trailer are used for
synchronization, error control and flow control étions. Layer 3 is a network layer,
which is used to establish a connection path betwee systems. Also, the packet rout-
ing of packet-switched networks is implemented gidayer 3. Layer 4 is a transport
layer. It is used to control transmission e.g. tovle error recovery and flow control.
Layer 4, similar to the previous layers, uses fiomst provided by the lower layer and
provides an application interface for the uppeetajayer 5 is a session layer, which is
used to establish, manage and terminate the caongdf applications. The next upper
layer 6 is the presentation layer, which is usethémipulate the data structure and rep-
resentation syntax of communication applicatiorisalfy, on top of stack, is layer 7,
the application layer, which is used to accesstiotocol stack by the applications and

to provide management functions. (Stallings 2004)

In layer 7 a header is added to the data beforentgsage containing the data is passed
on downwards to layer 6. When the message is redeind processed at the other end
by a similar protocol stack and the informatiorthie header is used as parameters of the
functions of the protocol, the header is removellitife headers and trailers added by
different layers produce overhead to the data, Wwisgassed on to the protocol stack
by the applications. The header and trailer infdromais essential for the operation of
functions of different layers, but the added ovartheauses delay in narrow communi-

cation channels. The distribution automation agpilons need a timestamp of the oc-
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currence of the event. Therefore, the clocks usetdifferent locations need to be syn-
chronized and they can be synchronized by usingcéimemunication channel. In the
design of distribution protocols the need for agstamp, accurate synchronization and
other mechanisms needed for real-time control aaditoring have been taken into ac-
count. These can be seen when the design and iraptation of distribution automa-
tion communication protocols are examined and coatpagainst the OSI model.
However, the optimizations done in the design efdrstribution protocols are not dis-
cussed in detail here, but this chapter aims te giv overview of DA communication.
Communication technology is rapidly developing anthrger bandwidth has become
available also for distribution automation applicas. Also, the use of IP protocols and
packet-switched networks has increased also imilalisibon automation. Therefore, the

IP protocol architecture will be discussed briefly.

The TCP/IP protocol architecture, published in REZ2, consists of a protocol suite
and functionality description. The protocol suitesstdeveloped over the years and so is
the underlying technology. The protocols of TCPdie in five layers, but their func-
tionality corresponds to the seven layers of theé @&del. The physical layer, layer 1
of TCP/IP stack, specifies the characteristicshef physical medium. The next two-
plus-half layer is used for network access, addrgsand switching the packets, also
called protocol data units (PDU), in the networlsdxh on the address attached to the
header of the PDU by the sender. The protocols us#us layer two-plus-half depend
on the type of network used. In the Ethernet/IPiggcture the Ethernet protocol is used
in layer 2. The Ethernet/IP architecture is quienmonly used in distribution automa-
tion and it can contain the same upper layer patsoas the TCP/IP architecture. Layer
3 is an internet layer and the protocol used erirgt protocol (IP), defined in RFC 791.
The IP protocol adds, among other parameters, dbhecs and destination addresses.
Based on the destination address, the PDUs, i.padRets, are routed from the sender
to the receiver in a multi-network system also ezhlthe intranet or the internet. The
layer four-plus-half is referred to as a transpayer and the most commonly used pro-
tocol is transmission control protocol TCP. TCRis&d to provide a reliable connection
between the source and destination application®thfm protocol in layer 4 is user
datagram protocol UDP, which does not guaranteeliabte connection. Both these

protocols provide sockets, i.e. ports, for eacmeation and applications. Finally, at the
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top of the TCP/IP stack is an application layerichiprovides different mechanisms for
different applications. (Stallings 2004)

4.3 Serial communication interfaces used in MV/LV tfamser station automation

The intra-communication of the MV/LV transformeatbn serial communication is
widely used at present. An RTU, RMCU, MMU, I/O upit a relay must be accompa-
nied by an integrated or external communicationa®gwvhich enables connections to
the control centre systems. Also, the distribupostocols used may need to be changed
before the data is sent; hence a protocol converdavice may be included in the
communication device. At present ABB REC 523 or VWIVEC 6CP10 devices make
use of an external communication device, whichoisnected via a standardized serial
interface e.g. RS-232 or RS 485 to the devices e@bAwstandardized interface enables
the usage of different communication media, suclp@ser line carrier (PLC), also

called digital line carrier (DLC), of a mobile neatvk, radio modems and so on.

The ANSI/EIA standard serial interface RS-232 (E&-232-C 1969) was originally
developed for communication between a computer amdodem. In addition to the
limitation of only these two devices per bus, is la@imitation of maximum cable length
of approximately 15 meters and that of noise imryurDespite these disadvantages,
the RS-232 interface is widely used and has in ne@sges provided a sufficient, stan-
dard and commonly known interface, which has embtile connection of a variety of
devices. The ANSI/EIA standard serial interface 485-(EIA RS-485 1983) defines the
electrical characteristics of the serial bus. ksloot define the syntax needed for com-
munication and thus it needs an accompanying pobtoefore the communication can
be established. In comparison with RS-232, RS-48Kew it possible to connect multi-
ple devices to a single bus. Also, the noise immyusibetter and the bus length bigger.
Engineers usually need an RS232/RS485 converterder to configure devices that

have only a single RS485 port.
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4.4 Serial communication protocols used in MV/LV trasrsher station automation

A variety of protocols are used in MV/LV transformrstation communication applica-
tions. An overview of these is given in Table 1 endprotocols used in four monitoring
devices are briefly reviewed. The Modbus protogpears to be the default in the four
devices. The IEC 60870-5 protocols 101 or 103 amglemented in all these devices,
except for Janitza. Janitza is probably intendedrfdustrial applications, but it has a

variety of ETH/IP protocols and internet functiongyich the others do not have.

Table 1. A review of serial protocols used in four monitayidevices. (The ABB
Group 2008; Vamp Ltd 2008; Siemens 2008: 13/3-1,3]a8itza 2009)

ABB REC 523 VAMP WIMO 6CP10 SIEMENS P600 JANITZA UMG 605
RS-232 /1 port RS-232 /1 port RS-485 /1 port RS-485 / 2 port
RS-485 / 1 port RS-232/ 1 port
Modbus (RTU / ASCIl) Modbus, RTU Modbus RTU/ASCII Modbus RTU
SPA bus Spa Bus
LON
IEC 60870-5-101 IEC 60870-5-101
DNP 3.0 IEC 60870-5-103 IEC 60870-5-103

DNP 3.0

PROFIBUS DP PROFIBUS DP

IEC 60870-5 standard is product of working group\&3) of IEC technical committee

57 (TC57) and the first parts were published in4l98 parts 5-1 to 5-5 the layers 1, 2
and 7 in the Open Systems Interconnection Refer&fmdel (OSI) are defined. The

functionality of layers 3, 4, 5 and 6 are left ®implemented in layer 7. The protocol is
founded on the serial communication of two deviged, among other things, it defines
the functionality of the optional error check cdétion and that of the time stamp. In
addition to standards 60870-5-1 through 60870-t&,IEC Technical Committee 57

also generated the following 60870-5 companiondseds:

- IEC 60870-5-101 Transmission Protocols, compastandards especially for

basic telecontrol tasks,
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- IEC 60870-5-102 Companion standard for the trassion of integrated totals

in electric power systems,

- IEC 60870-5-103 Transmission protocols, Compastandard for the

informative interface of protection equipment, and

- IEC 60870-5-104 Transmission Protocols, Netwarteas for IEC 60870-5-
101 using standard transport profiles (IEC 60878e5-1994).

Protocols IEC 60870-5-101 and -103 are actuallyilpsothat use structures defined in
parts 5-1, 5-2, 5-3, 5-4 and 5-5. These are algeimented in the devices of Table 1.
Protocols 5-101 and 5-103 are both designed tdflmgeat in binary information trans-
fer and in transfer that includes time stamps awith ndication and control messages.
In addition to this communication, IEC 60870-5-1d%ports disturbance file transfer,
too. IEC 60870-5-101 can be used in two modeshénunbalanced mode the SCADA
system is the master and RTUs are slaves. Acaunsisi implemented by polling the
slaves. Because of the limitation of only two degidn RS-232 connection, multiple
clients could only be connected to a single masterg RS-485. In the balanced mode
one acquisition device is connected to multiple BRTuging multiple physical connec-
tions, i.e. ports in the acquisition device. Boflthe devices in the same physical con-
nection can initiate the information transfer. 1BG870-5-103 protocol was designed
for the arrangement used in primary substatiorugtialg relays and RTU. RTU actually
refers to a device consisting of the substation mder and the protocol gateway de-
vice. In this protocol RTU is the master requestatpa by polling the relay slaves. Mul-

tiple relays are connected using the RS-485 bas aptical link. (Vahamaki 2009)

The distance from the MV/LV transformer stationthe SCADA system is usually far

more than 15 meters, which is the limitation of B&. The distance is actually even
more than the cable length limitation of RS-485efHfore, when IEC 101 or 103 are
used, the protocol is either tunnelled to the Idiggance link or converted to e.g. IEC
60870-5-104 before being transferred. The link e tontrol centre can be imple-
mented using e.g. a power network, i.e. powerdaeier (PLC), mobile network, radio

network or a fibre optic cable. The variety of needisually means that an external

communication device is used, which is selectetasis of the chosen physical media.
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One example of an external communication devictalla for the tunnelling of serial

protocols is radio modem Satel Satelline (SateD20dvahamaki 2009)

4.5 New communication interfaces

A common serial interface in PCs and other devisd¢ble universal serial bus, USB. It
is a standard of the USB-Implementers-Forum. Inyrambedded platforms the USB
interface has been used to program and configereleélice. The architecture is that of
master/slave. A new addition to the standard USBQDn-to-go) makes it possible for
a single device to act both as a master and a.sldwe could make it possible e.g. in
future RTU applications to use the same USB post for device configuration using a
laptop and then for the connection to a commuroocatievice. USB enables also wire-
less communication using 3G WAN or devices suchh@8 memory or extended I/O.

(USB-IF 2011)

Ethernet has almost replaced serial interfacesdastrial applications. It is frame-based
and packet-switched communication for local areavoks and is defined in the IEEE
802.3 standard (IEEE 802.3 2008). Devices e.g.92LE. programmable logic control-
lers and motor drives use Ethernet. The physicalianean use a twisted pair or fibre-
optic cable. Due to the high magnetic field of trensformer and LV feeders, noise
may be induced to the communication channel. Thezetwisted pair, shielded twisted
pair and optical cables are better in the harslremwent of the transformer station. IP
protocols and especially IEC 61850 are extensiusld in substation communication
applications. Multiple devices such as RTUs, relayd in the future also sensors (e.g.
current transformers) can be connected to the Eli$l ®ne example of an external
communication device suitable for Ethernet and tBtqzol tunnelling for a long-
distance link is a radio modem called Satel IP-L(8&tel 2010).

USB and ETH enable a broad range of possibilibesapplications communication us-
ing the IP protocol. Although the need for high-ephend small-delay communication
in secondary substations is not as essential @gsinmary substations, these interfaces
enable future applications and the use of stantfangrotocols. A variety of standard
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serial protocols have been used in the communicatith the intelligent electronic de-
vices used in the transformer station. These dsvic#dude e.g. a monitor and control, a
remote 1/O and a communication device. The usag&Gfand DNP serial protocols
has provided both economical and efficient enougtti®ns to the SCADA connection
at present. However, there can be seen signifidastges that signal a need for inter-
face improvements also in devices used in secorgldrgtation applications. These are

e.g. the following:

- widespread and developing use of an object-arteratrchitecture, e.g. IEC
61850,

- high sampling rate and the larger size of failkgeords, dispersed fault detec-

tion and protection algorithms,

- need for improved communication due to demandroband energy storage

applications,
- rapid development of wireless high-speed netwerfs 3G and 4G,

- expiry and extinction of the RS-232 interfacenfrgpersonal computers, pro-
grammable logic controllers and embedded printaitaiit broads, and

- implementation of USB, Ethernet and wirelessriaimes used in industrial and

personal IT equipment.

A device with Ethernet interface and a flash menwanyl is presented in Figure 29.

Figure 29. Siemens Sicam Terminal Module 1703 Emiowydes both serial al
Ethernet interfaces. The device supports IEC 6GBI04 and DNPi ove
Ethernet TCP/IP. The flash memory card enablesaesgrvicig function
(Siemens 2009)
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4.6 Object oriented architecture of IEC 61850

The IEC 61850 standard, Communication networks syglems in substations, was
made by the same IEC committee 57 as IEC 6087@15it vas later published. The
parts and their descriptions are shown in TableoA&ppendix 2. The implementation
of this standard is based on a specified data mamtlcommunication mappings with
Ethernet and IP based protocols. This standardidesl the exchange of real-time data
indications, control operations, and report nadifion. The physical media and devices
of the primary substation applications are an Eibeswitch or router, station computer,
relays and twisted pair cables or optical fibreleabThe use of IEC 61850 is spreading
into applications outside the primary substatiarghsas distributed generation applica-
tions and it is even been proposed for home auiomapplications (Rintamaki &
Kauhaniemi 2009; Nestle, Bendel & Ringelstein 2007)

The usage of IEC 61850 allows DNOs to manage thensation functions needed in
substation automation in an inter-operative andimrehdor way. The automation func-
tions specified in IEC 61850 can be grouped intstesy support functions, operational
and control functions, process automation functiand maintenance and system con-
figuration functions. The standard uses the objeatel, the objectives of which are to
increase the transparency of automation functionprove the usage of modular con-
struction methods and utilize the object-orientathdstructures, algorithms and archi-
tectures. The specified data structure is presant&ilgure 30. In the figure the struc-
tures specified by IEC 61850 are visualized in atgmtion relay form, although the
standard can be used in other automation equipasewell. The relay is a physical de-
vice, connected to the network and having an IRes3$d A physical device, also called
an intelligent electronic device (IED), can be melgal as a container, which contains
multiple virtual devices. The IEC 61850 data maoaehitecture, i.e. the structure con-
tained by IED is hierarchical. It includes one maexvers, which are not shown in
Figure 30. The functionality is split into virtudévices, called logical devices that per-
form a certain functionality of IED, e.g. protecti@r control. Logical devices have
multiple logical nodes, which are the virtual stures that are used to exchange data.
One example of a logical node of the protectioaye$ the PTOC overcurrent protec-
tion logical node. In the data structure hierartiey logical node contains multiple data



111

objects, which e.g. in the case of PTOC specifyasects of information used by the-
overcurrent protection function. Finally, the dabhjects contain data attributes.

(Ekanayake, Jenkins, Liyanage, Wu & Yokoyama 2@G5267)

Data set
C_Corol blocl

Control block Control blocl

ical Device 0

Logical device, LD

== 2% DO
== DO

Logical node, LN

&2 00

cal Device 2
a8 DO

Iérotection

Logical Device 3 LOglca| nOdeS in
Control - hierarcical structure

Data object
Data attribute

Physical device

Figure 30. IEC 61850 data structure.

In addition to the data model, IEC 61850 also d=can information exchange model,
which includes e.g. an ASCI interface and objectleiatructures such as data sets and
control blocks. The abstract communication inteef@&CSI) is specified in part 61850-
7-2 and it is used in the implementation of theviser interfaces, one for the client
server and the other for application to applicatommunication. The data set is a con-
tainer object, which is used to contain the refeesnof data objects and data attributes
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that are needed in information exchange. An examiptke information exchange is an
event e.g. an overcurrent protection trip. The sendf e.g. the PTOC trip event is con-
trolled by an object model structure called contstck and in this information ex-

change the data set objects are used to convaynafmn. (Hammer & Sivertsen 2008)

4.7 Communication architecture of IEC 61850

Part 61850-8-1 of the standard specifies a metfi@kahanging time-critical and non-
time-critical data through local-area networks bgpping ACSI to MMS and ISO/IEC

8802-3 frames (IEC 61850-8-1 201la). The ManufamjuiMessage Specification
(MMS) is an international standard (ISO 9506) deplwith a messaging system for
transferring real-time process data and supervisontrol information between net-
worked devices and/or computer applications. thesOSI layer seven protocol, which
is specified in ISO standards 9506-1 and 9506-2 NIMS is more commonly used
above the TCP, IP, Ethernet and physical layerth@fTCP/IP stack. However, apart
from the typical TCP/IP stack, which has only opelecation layer, the MMS view of

network also includes OSI layer 5, session layel @$l layer 6, presentation layer.
(Sisco 1995: 24)

The MMS is not the only mapping specified in p&Cl61850-8-1. Sampled values,
GOOSE and generic substation state event (GSSEages are mapped to Ethernet
layer, ISO 8802-3 protocol. GOOSE is an abbrevwmatb generic object oriented sub-
station events and it is used to execute fast mgeggae.g. by the protection functions
interlock and the remote trip, which require fastenunication between the protection
relay and the station computer and other relaysOSP also supports virtual local area
network (VLAN) technology and priority tagging. Tugh the use of VLAN the broad-

cast zone of a switched network can be limitedbrRyi tagging enables the prioritising

of packets, if congestion occurs in the switch. YN and Ethernet packet priority

through tagging are both properties of the Ethesneatch. Gigabit Ethernet support was
added to 61850-8-1 in 2011. Since 2001 some Gigahiers have been capable of
routing and switching the traffic in wire-speea. iwithout packet loss (Nyberg 2001).

Hence the optimising of mapping to ISO 8802-3 iadtef the MMS is done also to



113

support slower Ethernet networks and routing basedhardware or software. In
MV/LV transformer station communication the IEC 6D8Ethernet communication
could be used in a similar way as in primary suimta e.g. to interconnect remote the
I/O and the remote terminal unit (RTU) or to intamoect relays or to connect relays to
the substation computer. Further study is neededxtimine the possibilities. (IEC
61850 2011b)

Different protocols can be used in the long-distaltk between the control centre and
the MV/LV transformer station. The discussion heti# be limited to IEC protocols,
which are widely used in Europe. Figure 31 pres#f@sprotocols used in remote con-
trol and monitoring between SCADA and RTUs or satish computers (West 2005).
IEC 60870-5-104 is an IP protocol used in the cosivas of the serial protocol IEC
60870-5-101 before the transmission over the laetgdce link. IEC 60870-6 is a con-
trol centre protocol and can used when a part 0AIB functions is implemented in
the substation already. IEC 61334 defines powes Garrier communication. (West
2005)

»ASV1-9-0/809

0T/T0T-S-0/809 ==

e

Figure 31. IEC protocols used to connect RTUs or substationprder to SCADA
in the control centre

IEC 61850 is communication networks and systemgdover utility automation, earlier
called communication and systems in substationis. grimarily used in intra primary

substation communication, but its use is expandiotside the primary substation
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(Brunner 2008). At present IEC 61850 is usuallyvawted before the transmission over
the long-distance link. This conversion is spedifia 61850-80-1. However, as pre-
sented in (Hammer et al 2008) and (Brunner 200&),jmplementation in communica-
tion between SCADA and substation RTU is possiblee IEC 61850-90-2 report dis-
cusses how to use the protocol between the coogrdle and the substation (Brunner
2008). The idea is that the substation networkade connected to the control centre
and SCADA in a similar manner as local human tohivecinterface (HMI) in the pri-
mary substation. Also, a new standard will be adaetbrm the part IEC 61850-8-2,
called mapping to web services. It could possildyused in the communication be-
tween the MV/LV transformer station and the contehtre, thus enabling the use of
object-oriented architecture in ICT systems. Wabises are based on XML. XML is a
hierarchical, ASCII-based and structural informatgyesentation format, which can be
used on different platforms. XML can be used toeseMormation in files by applica-
tions, which are programmed using different langsagrhe communication of web
services is based on the SOAP (Simple Object Adeest®col) protocol, which is con-
veyed by HTTP and TCP/IP protocols. Web servicesadso used by the AMR mid-
dleware application introduced in Section 4.14.2r¢6trom 2007). Further study is
needed to examine the possibilities of IEC 6185D#8-MV/LV transformer station ap-
plications. (Brunner 2008; W3schools)

4.8 An application of IEC 61850 in Distributed geneoatand MV/LV transformer

station communication

In Germany the share of wind power and other reb&vanergy generation is already
significant. Distributed power generation (DG) engnd power plants is expected to
increase in Finland as well. Grid protection is sidered to be very challenging, when
DGs are connected to the network. The grid praiactif distributed generation units
and the protection changes which are needed iprthtection of the MV feeder of the
primary substation are discussed in (Nyberg 2008¢. document introduces protection
planning principles to support the connection ofdvpower plants to the network and
to aid the development of wind power plant protattand of protection relays. Also,

concrete design practices and solutions to the gmadection problems of distributed
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generation are discussed. In addition to the plapdase fault and phase-to-earth fault
solutions, the use of communication techniquesriidh grotection is discussed. A good
grid protection can be achieved with the help ahownication techniques. For exam-
ple, the earth-fault detection of the MV feederayeln the primary substation could
send a trip signal to the protection relay of theadmurbine. The MV/LV transformer
station could also be considered the connectioceptd DGs, the location of the inter-
mediate relay and a communication node for DGtV grid. It is estimated that
distributed generation will be increasingly coneecilso to MV and LV networks.
Therefore, one example of grid protection and #lated communication solution is
discussed briefly. (Nyberg 2008)

It is possible and probable that distributed gem@mawill be increasingly connected
also to different points of the medium voltage feredn the middle of the MV feeder
there may be an intermediate switch controlled loglay. The switch can be placed in
the MV switchgear or be an external unit in ovethaatworks. Figure 32 presents an
example of a fault situation where two-phase shiocuit fault occurs at the end of the
MV feeder. There is an intermediate switch locatedhe secondary substation and
there is a significant amount of MV and LV distribd generation connected to the
feeder. The relay at the beginning of the MV feechnot see the entire fault current,
because large generators at the beginning of thefedtler feed a part of the fault cur-
rent. However, the intermediate relay can see mbherefore, loss of mains (LOM)
protection can be arranged in such a way thatabder relay or the intermediate relay,
located in the MV/LV secondary substation, sendspasignal to DGs downstream,
which are connected to MV and LV grids. The intediate relay in the secondary sub-
station trips and the end of the feeder is discotmae The large DGs at the beginning
remain connected as do the loads before the intBateeswitch. This relay could be
used to send a trip signal to all DG relays andréMys in the MV/LV transformer sta-
tions. In the communication network the trip sigmakconveyed in MMS or GOOSE

packets, which are routed or switched on subnetsatfe next introduced.
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Figure 32  Grid protection in a short-circuit fault at taed of the MV feeder. DGs
are connected along the feedBEne intermediate switch in the secondary
substation operates. Loss of mains protection u&@g61850 protocol
is implemented and DGs are disconnected.

A communication application to be used in the LOMtection of DGs in the network
of Figure 32 is presented in Figure 33. Two altewealEC 61850 solutions are pre-
sented. One uses VLANs and IEC Goose messagingiltiee uses IP subnets and IEC
61850-8-2 Web services mapping. In the secondraitiee it is assumed that a fast IP
router capable of wire speed routing is used insét@ndary substation. The network
architecture of the VLAN/GOOSE solution is presenite Figure 33. The communica-
tion architecture consists of the LAN network oé tHV/MV and MV/LV substations,
IP link devices, the Ethernet switch in the MV/LYason and the protection relays of
the DGs and those of the HV/MV and MV/LV substatiowireless IP link devices are
used to connect the intermediate protection relahe MV/LV transformer station, the
MV feeder relay in the primary substation, DGs dnd MV/LV transformer station,
where MV or LV distributed generation are connectétle VLAN is specified in

61850-8-1. In this application the architecturesists of three VLANS, as follows:

- Network A is used for communication between th¥ f&eder relay of the

primary substation and intermediate relay.
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- Network B is used for communication between theermediate relay and
DGs, located at the end part of the feeder.

- Network C is used for communication between the¢ feder relay of the
primary substation and DGs, located both at theénpégg and end parts of the
feeder.

compact
switch or
relay

MV/LV transformer station

Figure 33 A communication architecture needed for distellugeneration loss of
mains protection using IEC61850 GOOSE messaging/addNs.
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LOM protection can be used in short circuit andre&aults of the MV feeder and the
idea is simply that once the feeder relay or intstiate relay has detected the fault and
operated, the DGs can be remotely tripped, i.eodisected from the grid. The organiz-
ing of communication networks into three VLANs eresiselective operation of the
protection as follows: In the fault between thenary substation and the intermediate
switch all the DGs are tripped and the communicatises GOOSE messaging in
VLAN C. In the fault after the intermediate switohly the DGs at the end part of the
feeder are remotely disconnected, but the othagscinnected. VLAN B can be used
for communication between the intermediate switcti the DGs at the end part of the
feeder. VLAN A can be used for communication betweslays. For example, the in-
termediate relay interlocks the MV feeder relaytlsd primary substation, after it has
detected the fault at the end part of the feed€OGE also enables control signals
needed for the island operation of the micrograt gtarts from the MV/LV transformer

station

In the IP subnets/Web services architecture, theulbhets cover the same area as pre-
sented in Figure 33, but a fast router is usecawsdf the Ethernet switch. In the com-
munication of the protection functions a small gakmessential. The GOOSE commu-
nication using layer 2 was developed to reducedtiay of communication. In the ap-
plication presented the delay consists of the stitheodelays in the following compo-
nents in VLAN B, for example: intermediate proteatirelay, ETH switch or IP relay,
IP link and DG switch and protection relay. Thelitik speed, or more precisely band-
width, has an essential influence on the delaynefdommunication. The IP relay can
prioritise network traffic. Prioritising also sherts the delay of communication of the
protection, especially when a narrow link is usgdnultiple applications. Simulation
and tests should be arranged to verify what has bee presented in this chapter. DG
protection, specified by the interconnection regments, should not be replaced by
communication-based LOM protection, but be enhatgeldOM.

Distributed small-scale generation can influeneae itk grid power quality if the pene-
tration is high enough. In (Cobben 2007) also add@y of a holiday village is pre-

sented. The houses were equipped with solar pamelsthe measurements indicated
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e.g. a negative influence on voltage level, i.e. oltage level increases during high
distributed small-scale production. Therefore, agt measurements in LV grid, which
contains high penetration distributed energy resesiare useful in order to verify that
the distribution voltage quality complies with teandard EN 50160. Ethernet, IP and
wireless communication techniques can be used @bleradvanced automation func-
tions in MV/LV transformer station and in LV grifCobben 2007)

4.9 Requirements of future DA for the ICT of MV/LV sians

In future transient earth fault location methodsdugs MV networks can take advantage
of distributed measurements in secondary statibhese locators operate with a high
sampling frequency and the resulting failure resaaice compared to the other failure
records of the secondary substation in the con#otre. The time synchronisation must
be accurate. Networks that have a high speed, &aydnd low jitter become thus nec-
essary. In LV networks online cable fault locatasvices (Livie et al 2007) and tempo-

rary measurements (Siew et al 2007) are already. Usdemporary measurements the
devices are usually equipped with memory cardschvare used to save the waveform
and the related data of the fault event. Theserdsoran also be downloaded remotely.
Fixed online systems are needed for tracking thecgoof intermittent faults. These

faults are non-fuse blowing, and multiple detecti@vices may be needed for the cap-
ture of the distortion signal.

Data exchange formats IEEE PQDIF 1159.3 and COMTRAI37.111 can be used to
record failure data in an interchangeable way (Mu& Grebe 2007). These files can,
of course, be transferred using either serial aitoor IP protocols e.g. IEC 61850, but
the IP network enables a wider selection of comeation protocols, for instance. In
addition to IEC 61850, a widely used secure figéasfer protocol could be used, such as
SSH (secure file transfer protocol). This couldabeadvantage in a system like a power
quality database. The use of SSH requires the mmgaiation of an SSH client in the
power quality database and an SSH server in IEDenMV/LV transformer station.
Using SSH the device file structure must be knola€ 61850 data structuring could

help to locate the files and to notify the userr@gent file additions and changes. A
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change into ETH/IP communication also enables diffevendor-related IP protocols.

IEC standard protocols can use the same bus a®thstandard protocols.

In primary substations the utilization of the IEC860 protocol is developing towards
including also an Ethernet sensor network. The 8850 protocol is designed for the
transmission of sampled values. These samplecsdBMV) can be used when cur-
rent sensor values are transmitted to protectitayseusing LAN, for instance. This
SMV application can be used to enable IEC 618Xdlfferential protection (Apostolov
2011). Although the MV/LV transformer substatioras/ at present a lower automation
level, because of the smaller influence on intdraumpindexes, MV/LV automation may
still increase, when reliability, safety and flekily requirements are tightened. Also,
the cost of technology utilizing IEC 61850 sensetworks may decrease. Therefore, a
high-speed network could be a cost-efficient solutio the horizontal communication
of the MV/LV transformer station in future. Also,afile networks in cities have wide
coverage and are developing towards broadband bdttdwvrherefore, network tech-
nologies may provide efficient communication mealso for DNO applications, which

utilize vertical communication and an MV/LV longstiance link.

The secondary substation and MV/LV transformeri@tatan operate also as a commu-
nication node. When e.g. PLC communication is u#ddR meters transmit and re-
ceive information using the power network as comication media. AMR concentra-
tors are installed in MV/LV transformer stationsoMtoring, measurement and control
systems are more and more used in secondary sahstétaaksonen et al 2009; Hy-
varinen et al 2009a; Hyvarinen et al 2009b). AMRdzhinformation can be enriched
and individual components monitored and controligdhe use of MV and LV automa-

tion systems.

4.10 Wireless networks

On the 4" of December, 2008 The Finnish Government madecisida to implement a
broadband internet infrastructure development ptpjerhere the availability of the
broadband connection will be enhanced. The go#&b isonnect every primary house-
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hold and corporation head quarters to a 1-Mbitfsneation by the end 2010 and to a
100-Mbit/s connection by the end of 2015 (Pursiai2808). The first target has been
partly achieved, if data communication using tlegfrency band of 455 MHz is consid-
ered. This frequency was used by the NMT, i.e. Martlobiltelefon system and it had

in 2010 99.8 % coverage in Finland. The data comaation system of 455 MHz band

uses FLASH ODFM. i.e. Fast Low-latency Access v8ttamless Handoff Orthogonal

Frequency Division Multiplexing technique, and staonstructed and administered by
Digita Ltd company. (Rantala 2010)

In addition to radiolink technology referred in thentext of Figure 33, also mobile
networks have gained foothold in Finland. GPRS, general packet radio service is
used extensively by the AMR system and in the rencontrol and monitoring of dis-
tribution network applications (Laaksonen et al 208eino et al 2009; Hyvarinen et al
2009a; Niskanen et al 2009; Seesvaara et al 26l0®)ever, the GPRS communication
technique has occasionally choked e.g. at exhitstibecause of a high amount of si-
multaneous voice and data traffic (Nyberg et al®0Also, during MV faults the elec-
tric supply of mobile phone base stations are infged and in a couple of hours also
the mobile communication connections will be ing@ted. In rural areas lightning
causes the malfunction of base stations. Therefeireless connections may be left
without good signal strength for weeks in Finlabdfore they are repaired. At present
the available techniques are both 2G and 3G. Nulaed letter G of 3G refer to stan-
dards International Mobile Telecommunications-2@30the ITU-T, i.e. International
Telecommunication Union. 2G refers to 900 MHz ar@0A MHz GSM, including
GPRS, 2.5G and EDGE, 2.75G. Universal Mobile Tal@oanications System UMTS,
3G and HSPA, 3.5G are presently available techsiqlibey are designed for data
transfer, and the geographical coverage in Finlamgbod especially in urban areas. 3G
operates at the frequency bands of 900 and 2100. Midw technologies, which are
expected to gain foothold, are HSPA+ and LTE, Ioag term evolution, which is a
standard from the 3GPP group. In Finland, all thaifferent 2G and 3G techniques are
and will be operated and maintained in parallelicihncreases the operating costs of
mobile communication. The amount of transported datmobile networks is increas-
ing steadily. In mobile 2G networks voice datalésreasing, in 3G voice traffic is in-

creasing and other data traffic increasing. Becdlusgevenues do not increase at the
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same rate as the traffic does, it is vital to redoetwork costs so that the business re-
mains profitable. Also, other new wireless standaadd technologies have been pre-
sented for video and multimedia usage, one of tieesgobile wimax. (Niemela 2010;
Tella 2010; ITU 2009)

4.11 [P traffic routing in MV/LV transformer station oomunication

Let us assume that the MV/LV transformer statioedgsipped with an Ethernet LAN
network. Ethernet provides a compatible networkdorariety of distribution automa-
tion protocols and a chance to change the commimicéechnology used in long-
distance link, if necessary. The suitability of &tmet for MV/LV transformer station
applications is evaluated in (Gerbec, Curk & Ko&m®07). The usability of UMTS
and WLAN for the long-distance link of the MV/LVansformer station is also evalu-
ated. A single long-distance link increases thke ofsa control operation failure due to
the failure in media. Therefore, the idea of thpgrgdGerbec et al 2007) can be enriched
by using an IP router and multiple long-distaneésdi in MV/LV transformer station
communication. Two or more communication links daahe usage of multiple ISPs,

i.e. internet service provider, for example.

A router is a device which connects two or more gotar networks and routes the IP
packets to the correct network based on the routibfe and the IP address in each
packet. The public IP network is not just two corted networks, but multiple constitu-
ent interconnected networks. The connections dfethretworks are implemented with
routers. Also, more than one possible route foingls packet can be found in this in-
terconnected network. Therefore, routing protocelg, OSPF, are needed to find out
the best possible path for the packet to traveludin the interconnected networks. The
routes found and their routing metrics are stored routing table. Based on the routes
and the metrics, the best possible route is distégd, e.g. the route with the smallest
delay. For DNOs this routing operation of the intemected networks is normally not
as relevant as the host to host connection avail&wever, if multiple ISPs and net-

works are used, the need for DNOs to use routicignigues increases. (Stallings 2004)
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Let us consider the usage of a single communicaitrnand wireless gateway. Such a
system was presented e.g. in FigureR2bm the perspective of DNOs the objective is
to connect two LAN networks; the control centreweek and the MV/LV transformer
station network. For that purpose, the internetiserprovider assigns a static or a dy-
namic IP address to both the access points of LANNsese addresses are then used by
the terminal routers to access the ISP subnet @edconnected networks. Hence, IP
traffic is routed from LAN to the internet and thagain to LAN. The IP address in-
cludes a host and network parts, which are seghretieg the subnet mask. Therefore,
actually routers in the control centre and thegfammer station are meant to route the
traffic between two subnets: the ISP subnet anddbal LAN subnet. An integrated
router and wireless gateway device is typicallydjseonly a single ISP is used. This
router has an IP address for the interface condeotéhe ISP network and another for
the interface connected to the LAN subnet. The LiAtérface can be connected to a
switch, which enables the protection relay to spackets via the switch, for example.
The IP of the LAN port of the router and wirelesgeyvay device is assigned as the de-

fault gateway.

Let us consider the usage two or more communicditiés and routers, which will add
redundancy to the communication compared with previpresented single communi-
cation link technique. An idea of control centrel&nV/LV transformer station connec-
tion using three long-distance links is presente&igure 34. The network architecture
consists of the control centre IP subnet, contenitre@ router, subnets B, C, and D for
MV/LV connection, primary substation subnet A, pairy substation router, MV/LV
station router, MV/LV station subnet, IP wirelegkland two tunnelled public internet
links, which are implemented e.g. using 2.5G, 3@@rfrom two internet service pro-
viders. The three links demonstrate routing poksds and provide redundancy, if the
service availability of one ISP is not good enoufgie primary substation and MV/LV
transformer station connection also provides aipii$g for DG function discussed in
Section 4.8. The subnet e.g. subnet B, is conf@juresuch a way that the same subnet
is also available in the MV/LV transformer statiorhe subnet is tunnelled over the
public internet using VPN. In the absence of alsitigk the other two will provide the
connection. However, in order to avoid multipleg links and harmful loops routing

protocols must be used. One possibility is to usengernal routing protocol such as
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OSPF, i.e. open shortest path first, which routesIP packets to the best route out of
the alternatives that are listed in the routindegal®nce the long-distance link is tun-
nelled, a second protocol GRP, i.e. general rowgmgapsulation must be used to enable
the OSPF messages. A single IP packet is routedrerg the MV/LV subnet by the
transformer station router, tunnelled and routedngygateway, received from the tun-
nel and routed by the control centre (CC) gateway ance again routed by the CC
router. The IP network enables the usage of maltipl protocols such as IEC 61850,
IEC 60870-5-104, internet protocols, commonly used e.g. vendor- related IP proto-
cols used for device configuration. Policy-basedting could also be applied, if
needed. This idea of network architecture shoultutber examined and tested before

implementation. (Cisco 2008)
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Figure 34. Routing of traffic of multiple communication links in MV/LV &ns-
former station and control centre IP communicatipplication.
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The risk of a control operation failure, when agé&nmobile network long-distance link
is used, can be examined by studying experienoes AMR communication operation.
The communication is commonly implemented usingPRG modem in rural areas in
Finland. In urban areas also PLC is used in Finldm#& communication of a wireless
GPRS modem is based on the connection with the staien nearby. The system has
two major disadvantages. Firstly, the base staterers are occasionally hit by light-
ning during heavy thunder storms and are sometoaesaged and are left out of ser-
vice for an undetermined period of time. Duringstperiod the GPRS modems in this
area try to establish a connection to the nextwih weak signal strength or are left
without any connection. In order to improve theaality of AMR-based fault location,
also the fault detection and information systemtte mobile network base station
should be developed. Secondly, during an MV faudt MV/LV substation supplying
the base station is left unsupplied, which makeshiéickup batteries run out of energy
in 2—3 hours. Therefore, in order to provide mayexmunication time during electricity
network faults, new microgrid solutions could belégr to base stations. Further study
about microgrid applications in GSM base statiomd an automatic fault information
system of the base stations is needed. The inteadreuting system provides a chance
to add redundancy using multiple communicationesyst

4.12 Requirements for cable cabinet communication

There was no utilization of distribution automationcable cabinet communication in
the five Finnish distribution companies revieweddksonen et al 2009; Heino et al
2009; Hyvarinen et al 2009a; Niskanen et al 20@%&s8aara et al 2009). Also, public
discussion in journals or seminary papers is rarerefore, the discussion of cable
cabinet communication is welcome. Some automatmpli@tions for LV grids have

been presented in Chapters two and three. Alsoe ganctions that utilize cable cabi-
net communication will be presented in Chapter.fitee communication ideas pre-
sented here are based on available techniquesdtioen industrial automation applica-

tions.
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The cost-benefit ratio limits the usage of an esi& communication system of cable
cabinets. Therefore, power line carrier (PLC) ameMss operator-free communication
media could be suitable for communication link ta@ges from cable cabinets to the
MV/LV transformer station. This communication liblketween cable cabinet and trans-
former station can be a part of the communicati@mhitecture where the device in the
transformer station operates as a communicatiogerdrator node (gateway) and de-
vices in the cable cabinets as measurement nodeegh Also, synergy could be
achieved, if other than electricity network compaisecould be monitored using the
same communication infrastructure. For example som@anent nodes could possibly be
connected to water and heat network componentsetStghtning uses automation and
communication equipment, which are near distribut@able cabinets and MV/LV
transformer stations, but these are usually consillas separate systems. A combined
multi-application system reduces costs per systermcould make administrative tasks

and responsibilities more complex.

The LV network has a high number of potential comgads for monitoring objects, e.g.
fuse-switches and cabinet doors. The cabinetsaldgare harsh environmental condi-
tions: cold, heat, moisture and to some extenti¢raibration. If an extensive and cov-
ering monitor system is used in cable cabinets rmathtenance cannot be increased,
then bullet-proof, maintenance-free, energy-efficidow-cost and long-lived technol-
ogy is required from automation and communicatigsteams used in cable cabinets.
Also, the system should improve to the processedistfibution companies and bring

benefits even to customers.

4.13 |deas for cost-efficient cable cabinet communicatio

A piloted water consumption monitoring system iegemted in (Piispanen 2009). This
custom-made, licence-free, 433 MHz radio commuiuoasystem is intended to be
used for collecting data from water consumptioneretThe antenna location and de-
sign becomes important in order to achieve adeagigtal strength for the communica-
tion system to operate, because the low power afioir transmitters. New application

would be to use a licence-free radio system alsbMrcable cabinet communication.
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For example, the system could be used in the moagplications of LV grid electricity
processes and components where control is not deétko, industrially manufactured

license-free radio communication systems are widebjlable. (Piispanen 2009)

One quite new radio communication technology isBEED2.15.4, also called Zigbee.
The Zigbee modules, e.g. XBee (Digi Internation20&), can be installed to a variety
of integrated circuit (IC) boards of embedded systeSuch an IC board could be the
communication module of the DA device. The Zigbeeelgss radio communication
system operates at the frequency of 2.4 GHz. Téesinitter power is restricted in
Europe to 10 mW, which gives a wireless range &4 than 100 meters. Let us consider
the example of the urban LV network is presenteBligure 35a. From the 100-meter-
diameter circle in Figure 35a it can be concludet the wireless range does not reach
all the cable cabinets from the MV/LV transformtat®n. The range can somewhat be
extended by moving the antenna up, e.g. on toploha@ pole, which is shown in the
illustration of Figure 35b. Another method to extetine range without using more
transmission power is to use the multipoint wirslegtwork, which is supported by
IEEE 802.15.4. The architecture of the Zigbee nétwdth modules and a gateway is
presented in Figure 35c. (Digi International 2008)

An electric distribution network can be used as eamication media. In LV networks

the AMR system can already use PLC, i.e. powerdareier. However, PLC communi-

cation used by AMR is not necessarily an open gechire. One type of standard PLC
communication is IEC 61334, which is intended fQ/ARDA communication. Although

it is slow, it could be used to convey status infation from fuses, for instance. Instead
of a separate PLC system, it is also possible eaisystem compatible with or the
same as the AMR system. For example, in the MV/EAhgformer station a device
similar to the AMR concentrator could be used torert the cable cabinets to the
transformer station. Hence, the communication cagde the same long-distance link
with the transformer station. A wireless concerir# shown in Figure 35c.
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Figure 35. Using IEEE 802.15.4 wireless communication usage in oong
application of LV distribution network. The LV nebnk map and Zighbe
range of 100 meters are shown a).(The range does not reach HilE
cable cabinets. The range can be somewhat extdrydgldcingan antenn
on top of a high pole, as shown in).(IEEE 802.15.4 supports multipc
network architecture, which also extends the rapgesented ind) (Digi
International 2008).

When power cables are renewed, the additionalafasided signal wiring is at its low-
est. Also, combined power and communication cahé® been developed. For exam-
ple, HVDC cables, which contain both optical filzned power conductors, are used in
wind park installations. Similarly, it would als@ Ipossible to manufacture low-voltage
cables which contain an optical fibre. Also, it webbe possible to place an optical fibre
cable inside the same or extra cover pipe. Herftar, the installation the communica-
tion media used for cable cabinet communicationrsdu# cause additional costs. One
alternative to lower the costs is to sell one fibféhe two fibres installed for the inter-
net use of housing companies or telephone operatatseserve the other for the com-
munication of distribution automation and power kedruse. In Finland telephone
companies are usually responsible for residentimimunication cables. A rented cable

or bought service will increase operating costg,rbduce investment costs. Also, the
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use of a mobile network, e.g. GPRS, is possiblé,tivel cost-benefit ratio will most
likely be low, especially if multiple LV monitorintpcations are used.

4.14 AMR/AMM NIS/DMS integration system

This study does not focus on the utilization obmnfiation provided by AMR. The main
purpose here is to provide an ICT architecturalvyieseful in planning MV/LV trans-
former station and low voltage grid managementesyst because the ICT of the
AMR/AMM NIS/DMS integration system could be used fiis purpose. In March
2009 the Finnish Government gave an act, one obliectives of which is that the en-
ergy consumption of 80 % of all customers shoultbmatically be read by the end
2013 (TEM 2009). This act, general measurementldpaeent and the other benefits
brought by automatic meter reading have led toptiesent situation where in LV grid
there is an overlying and extensive energy distidinuprocess monitoring grid avail-
able. However, AMR information can be used in L\Wdgmanagement and fault loca-
tion. At present AMR-DMS integration systems araikable and these systems enable
e.g. LV feeder fault location determination basedcentralized automatic or operator
initialized enquiry from DMS to AMR system (Haapaknét al 2009). In the fault loca-
tion function the NIS information of fuse link Iagan, DMS information of switching
state and the information from DMS and AMR alarre ased. These information to-
gether enable the function of DMS fault locatiogasithm and the fault location indica-
tion using the the graphical map of the NIS/DMStays (Haapamaki et al 2009)

4.14.1 ABB Microscada Pro DMS 600 AMR/AMM integration

A LV network management function is provided by AEBMS 600 system. In this
function AMR based alarms and deduced alarms asepted in NIS/DMS system
graphical distribution map with symbols and colagrof wires. The integration is im-
plemented using Ole for process control (OPC) seiMee vendor of automated meter
management system is expected to provide the OR€rsmmponent. In the DMS sys-
tem OPC client component is used for data acgoisitThe OPC was originally de-
signed on the Microsoft windows operating systenatfpim. Hence it uses
COM/DCOM, i.e. distributed component object modeierface. OPC Data Access
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definition interface describes following objectenger, group and item. OPCserver is
used for state information interchange and as #owar for group objects. Group ob-
jects have methods for classification of data. Téssification is done using Item ob-
jects to group. Item object properties are measuedde, quality flag and timestamp.
(Opc foundation 1998; The ABB Group)

There are two data acquisition types in AMR/AMM ND#S: Active alarmsare based
on alarms received from meters and alarms are bégaftam OPC according to system
settings andatest measurementin which the acquisition is conducted from meters
once information is requested from OPThe latest measurement acquisitisnpre-
sented in Figure 36a. In NIS/DMS system the medars quantities are selected using
distribution map and network information e.g. phas#tages UL1, UL2 and UL3.
OPC client of the NIS/DMS system connects to th&€@Brver of the AMR/AMM sys-
tem. The queried meter and quantity is added to d@@&Up. The query is activated and
AMM performs the query from meters. As a result phe@se voltages are received from
meters. An UML architectural illustration from preus AMM/AMR NIS/DMS inte-
gration implementation using OPC Data Access iaterfis presented in Figure 36b.
NIS/DMS system and OPC client component are exddat®licrosoft server, which is
connected to control centre LAN. OPC connectivéyimplemented using distributed
COM (DCOM), which enables software components thay be located in different
control centre servers interaction. Automated metanagement (AMM) server and
OPC server application components are executedeitermmanagement server. OPC
server application component contains OPCserveCdbdup and OPCltem objects.
Meter voltage information acquisition begins byae#ishing connection between OPC
client and OPC server using I0Connectionpoint fatar. This is followed by OPC cli-
ents sending pointer of its callback function. Ttadlback is later used by OPC group
object, when passing the requested voltage infoomad client. OPCltems are attached
to OPC group container. Item objects are bind tceaddresses of AMR meters, which
enables to inquiry using AMM. (Opc foundation 1998e ABB Group)
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AMR/AMM integration system and used OPC architeetia). An ar-
chitectural illustration of OPC Data Access usinglUnotification (b).
OPC uses DCOM. OPC client is used to connect OfP¢&Isdn OPC
server OPCgroup container is used to implemenadtheisition.
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4.14.2 Tekla XPower NIS/DMS 7.x and AMR/AMM integration

Tekla NIS/DMS 7.x utilizes OBDC (open database emtinity) interface in NIS/DMS
(network management system) network information momication with Oracle data-
base server. NIS server and ODBC client comporrengxecuted in NIS server. ODBC
Client is used to connect to ODBC driver on the sa@rver. The driver is then used to
connect with database management server (DBMS) aoemp running on Oracle data-
base server. The switching state information ofdistribution grid can be viewed in
DMS system. This DMS functionality is based on tiedwork information of the NIS
system and switching state information of the SCABystem. A commonly used
SCADA interface is Elcom. The information read biSNDMS using Elcom interface
from SCADA is assumable stored to the DMS datalpaseing on Oracle server to be
used by DMS functions. In NIS/DMS AMR/AMM integrah suite the presented data-
base architecture is extended by the dynamic pguisition from AMR/AMM system.
Several interfaces are available for interactione @ossible information exchange for-
mat between DMS and AMM is web services (Haaparati&l 2009). Another possibil-
ity to connect multiple systems to AMM is to useddieware software, e.g. Tietoenator
ComcC (see Forsstrom 2007). Middleware system redtie number of interfaces, the
configuration work and enables multiple system raxtéon and connection e.g. cus-
tomer information system, measurement informatistesn, meter management system
and distribution management system can be connesied middleware. Webservices
communication was introduced in context of Secdon and IEC 61850-8-2 standard.
(Haapamaéki et al 2009; Forsstrém 2007; Microso@7)0

4.15 An application of ICT used in the information maaagent of MV/LV trans-

former stations

In Section 1.2 the DA term was introduced. In @ositext it was mentioned that com-
munication is used to enable local, remote andrakfunctions. In Section 2.&nc-
tions for MV/LV transformer load monitoring and ol@ad detection that utilize the
communication were presented. Let us now spec#yfuinctionality little further in or-
der to design a suitable communication and ICTfqlat suitable for load monitoring

application of Section 2.6l'he loading monitoring and overload detection rezgian
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intelligent electronic device (IED), which has adrRMS current measurement func-
tionality. The IED is to be equipped with flash mawy card, which was introduced in
Section 4.5. The idea of using memory card is fiadustrial PLCs (programmable
logic device), where the flash memory card has hessd for long time to save addi-
tional data. Memory card enables recording of eurfandamental and harmonic fre-
guencies information from long time. Also, a webvse interface is applied to provide
possibility for remote field operation usage. Thea of using a web server in IED is
from industrial power quality monitoring devicesg.e(Janitza 2009), where web server
has been introduced a long time ago. By using weles the overload and PQ informa-
tion can be remotely read e.g. the traditional deakl meter will be utilized in new vir-
tual way. In Section 3.2 a classification method a power quality system was intro-
duced (see Cobben 2007). Therefore, in this agmitd0 min average values are to be
used to form the indices data, but for fault recuyd also instant values are stored and
transmitted, if they are enquired by the operator.

The MV/LV transformer station IED is a PQ devicedaonnected to a long distance
link communication device via Ethernet switch. Conmication uses IP protocol and
the physical media is twisted pair or fibre optable. In addition to the standard http
and secured https protocol used to transmit weleape IP communication network
enables variety of communication protocols to bedus.g. web services, JAVA RMI
and IEC 61850 protocol. The IEC 61850 enables tyadeéremote and central services
and functions. In the overload detection applicative IED could send an overload in-
dication spontaneously, i.e. after threshold vahe|ED generates and sends the event
to SCADA. The connection to SCADA is to be donehaiit a station computer and
protocol conversion. The long distance link to coh¢entre can be arranged in multiple
ways. In this application the long distance linkesigublic internet service through
internet -network of the service provider. For fhédlic IP network a variety of tech-
niques are available from the fibre optic cableht® wireless e.g. GPRS, 2.75G to 4G,
Wimax and Flash-OFDM. The communication is tunrellesing virtual private net-
work (VPN) technique. In the VPN technique the cammation through public inter-
net uses standard uncrypted IP protocol packetstheupayload of these IP packets
consist of crypted IP packets from private intravoek. The payloads of the IP packets
of the intra network consist of above layer packiets usually TCP or UDP. The crypt-



134

ing is usually done in tunnel entry points. Thenp®i MV/LV station communication
device, control centre wireless communication devand PDA device are presented in
Figure 37. Typically, a firewall router is equippetith the VPN function. In this appli-
cation the router is extended with wireless commaiion device or module. Hence, it
is the firewall router, which identifies the comnmeation using VPN and decrypts the
communication. Also, the communication device ia MV/LV transformer station is

actually a router with VPN function, since it opson a layer 3 of OSI model.

In this application three control centre systems presented, i.e. SCADA system,
NIS/DMS system and PQ database system. These caeebein top of the Figure 37.
NIS/DMS graphical interface could be used to eaaitgess the MV/LV transformer
station monitoring device. In the transformer owad situation the indication is dis-
played in NIS/DMS events window and warning symisallisplayed in the detail level
map view. The operator could publish the page whieeenetwork of interest is dis-
played using dynamic web pages and send a linkddi¢ld operatives or subcontrac-
tors. The operator could also send the transforstegion the IP address of the web
server, if the IED in the MV/LV transformer statipmovides a web server service. Al-
ternative solution is to use mobile versions of MIMS with replica databases or re-
mote connection using the VPN communication limktHe later case the link, that the
operator sends to field operatives, could contaimaero program, which loads the
MV/LV transformer station map view, the relatedigation and updates the replica da-
tabase with MV/LV transformer station and LV grifarmation. The information ex-
change should use the policies that are designetiédanobile station usage. It is there-
fore assumed that no data loss should happen @adsdaccessible by authorized users
only. This application example aims to present mroaoinication and ICT architecture
for secure but easy access to the transformeostatiormation services. The SCADA

can be used to monitor measurement and indicafitanfdom the transformer station.

The transformer station measurement can be sagedtahtrally using e.g. power qual-
ity database. The PQ database is designed toR@measurement data gathered from
a long period. Multiple architectures can be usecadsily access PQ measurements.

One possibility is to NIS/DMS system graphical mapjch was previously explained.
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The relational database architecture enables kodiatabase information from different
databases. The network information system (NIS}ana a unique identifier for each
transformer station. PQ information database iresud unique identifier for each
measurement point. In IP communication the PQ sasaquired from transformer sta-
tion using transformer station the IP address eflHD. In the relational database these
identifiers can be tied together. Once the uniglemtifiers are tied the measurements
from a transformer station can be retrieved usiatglghse queries with identifiers. One
possibility to link the correct PQ measurement nddi to NIS/DMS is to link to pages
provided by the power quality database web semeiice. The correct pages could be
retrieved with identifier data in a script. Alsdeftransmission can be used in the data
exchange. Hence IEEE PQDIF 1159.3 and COMTRADE T3/ can be used. Once
the PQ database is linked to NIS/DMS transformatiagst information, a link to web
pages containing correct measurement from a pétit@nsformer station can be sent
to the field operatives. A variety of mobile dedcare available for field operatives.
The field operative can be located in bottom righthe Figure 37. The IP network and
mobile internet access are used in this applicagiemple to connect to transformer

station and control centre. The VPN tunnelling jxes a secure connection.

NIS/DMS PowerQuality DataBase  g-apa
&WehServer _ _ &Webserver 7

NEE

Figure 37. MVI/LV transformer station communication and ICT gdam for trans-
former overload monitoring application.. Overloadiication and re-
lated grid data can be obtained using mobile teldgyo
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5 AUXILIARY SYSTEMS AND BUILDING AUTOMATION

Auxiliary systems and building automation systemesdiscussed in this chapter. Auxil-
iary systems, e.g. batteries, are needed to aidgkeation of the main systems of the
distribution automation. Therefore, auxiliary systehave an impact on many DNO
processes, such as electrical safety and fault geamant. These processes utilize func-
tions, such as relay protection and monitoring, ey need auxiliary systems. Build-
ing automation is used to monitor and control théding environment of the MV/LV
transformer station in order to ensure a safe atidbte operation of the distribution
system. Some of the systems to be discussed areapfdicable to monitoring cable
cabinets. The building automation systems introducethis chapter can be used in
several DNO processes in the safety managemehegidrsonnel and civilians and in

asset management, for example.

Also, in Finland the weather conditions are chaggilue to the climate change. The
longer power distribution operates safely, the ntone can be used to evacuate people
in extreme weather conditions such as floods. Thapter introduces possible systems
and ideas suitable for normal daily operation amdpirecautionary measures taken in
order to ensure the operation of the distributigstesm in extreme conditions. An idea
of an optional monitoring layer of the building antation is presented on top of the
graphical interface of the NIS/DMS system. It cobkhefit the operation and mainte-
nance processes in particular. These systems nesyhalp to avoid human injuries and
material loss, help managing network assets amal ehitoring the ambient environ-
ment of the distribution process by providing mexact information about the distribu-

tion environment.

The discussion of auxiliary systems focuses onwaltxge protection and battery man-
agement. Batteries provide backup power duringribdigion interruptions, but they
need maintenance. Therefore, maintenance systedh$unations are presented. This
chapter discusses possibilities to monitor multiplelding environments and enclo-

sures. The following building automation functicare dealt with: moisture and humid-
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ity monitoring, splash and flood water detectioifrs §as leak detection, temperature
monitoring in the MV/LV station, air ventilation mdoring, hatch open detection, mo-
tion detection and entrance detection using a d@otch. The main purpose of this
chapter is to stimulate discussion and developniéré.ideas in this chapter are not all

tested in the actual building environment of th&trbhution network.

5.1 Overvoltage protection with surge arresters

Surge arresters are used for the protection of tiahprimary and secondary compo-
nents of the MV/LV transformer station. The tramsfer and MV switchgear are the
most common of the valuable primary componentsegtet. The secondary compo-
nents, which include distribution automation, madsoaneed protection. Overvoltage
protection with surge arresters can be used tepr@utomation systems nearby, the
control systems of street lighting, for exampleadtidition to the protection of the auto-
mation systems of the transformer station, newegtan objectives include sensitive
distributed generation, e.g. a biogas plant in arehere lightning or switching over-
voltages occur. Overvoltages caused by lightningewsealt with in Section 3.11. In
addition to lightning overvoltages, also switchiagtions and MV earth faults cause
overvoltages. Protection against an MV earth faulthe LV system is specified in
standard SFS 6001.

The overvoltage protection specified in SFS 608b aicludes earthing practices of the
DY connected transformer used in the TN-C systenthé Finnish LV standard SFS
6000 it is stated that distribution companies defirecessary overvoltage protection
(SFS 6000-8-801.443 2008). In overhead networksddkge arresters, such as Metal
oxide (MO) arresters, are commonly used to progdeeral transformer overvoltage
protection (Niskanen et al 2009). However, LV supgetectors can be used for more
fine-grained protection of LV devices including tdisution automation devices in the
risk areas. One of the criteria used in definingslaarea is the number of lightning days
a year. Over 25 lightning days is presented in @9364-443, but the risk area should
be evaluated also by other criteria. The most ingmbrcriteria for the evaluation of the

usage of LV surge protectors is human safety, mat the material loss of the compo-
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nents of the distribution system and that of theponents of the system, which is sup-
plied with electricity can be evaluated. Also, agié quality should meet with the SFS-
EN 50160 requirements. There are both recommendatiod requirements for tempo-
rary operating frequency overvoltages and transieetvoltages in the standard. LV
surge protectors are available for different pridecrating and usage. For the LV dis-
tribution system such overvoltage protection praslues DIN rail application ABB
OVR T1 4L and cable cabinet NH fuse applicatioehD® + S6hne 2V NH are available
(Arnold-Larsen 2009; Dehn+Sdhne 2007).

5.2 Battery management systems

Batteries are needed in remote control applicattonsrovide backup power. The dis-
advantage is that they need maintenance. For egactpcking the condition of batter-
ies with the help of portable devices and repladaudty or old batteries are done manu-
ally. The battery management functions of MV/LV siation automation include bat-
tery charging, battery condition monitoring andtégt discharging monitoring during a
fault. In MV/LV station automation devices, e.g. BBRec 523, the status of the condi-
tion check can be read remotely from the memorystggof the device (The ABB
Group 2008). Based on the status measurementsceepdat of batteries could be
planned and scheduled. Compatible batteries witlB A&c 523 are of a sealed lead
acid type, for example. The lead acid batterieehaltage charge dependency, i.e. the
charge can be deduced from the voltage with regpdabe nominal. Lead acid batteries
have been found to be suitable for temperaturesab@fC, although the operation time
is reduced in cold temperatures. Therefore, théirfgeaf auxiliary compartment also

increases the operation time during an interrupifdhe ABB Group 2008)

The ABB Rec 523 device, for instance, uses a lde-déscharge test for battery condi-
tion monitoring. The battery will be loaded by diatly systems when the charging
voltage has been low for a period of time. Simudtarsly the voltage is measured. After
a period the voltage is checked, a large voltage drdicates weak condition. Another
method used for battery condition testing is a cmiigity test. The battery is exposed

to a small current signal, which is used to measoraluctance, the real part of admit-
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tance. According to document (Feder & Hlavac 1994) test data shows that at low
frequencies the (dynamic) conductance of a battetigates the health of the battery.
The conductance test is fast and does not dischiaegeattery and is suitable for several
sealed battery types. The battery condition manageition can be integrated into the
automation system of the transformer station. khsacase, it provides a cost-efficient
way to manage batteries remotely. Hand-held batestydevices can be used as well,
but usually in connection with other maintenancecks. There are also remote control
systems for managing large battery banks, suchasetof HV/MV substation backup
power or LV energy storage. A new automation fuorcitould include the temperature
measurement of the auxiliary compartment, becalise@mperature of the compart-
ment holding batteries is needed for precise measemts of the battery condition and
the influence on the operation characteristicsatfdnies. (The ABB Group 2008; Feder
& Hlavac 1994; Champlin 1989)

Capacitor power storage units of 240 As are avialédy less critical, energy-efficient
loads. Compared to the capacity of batteries tipaaty of the capacitor power storage
units is significantly less, because even one ABGBO As, but the capacitor requires
less maintenance. The charge is held in the capdaudttery for over 48 hours, if the
battery is not loaded or charged. Multiple capadattery units provide more capacity.
The primary application is probably the distributiautomation that does not include
motor actuators. However, if motor actuators ardus charge monitoring system can
be found useful. For example, if the charge isltwg the function of the motor actuator
could be prohibited, which would leave enough pofeerthe intelligent electronic de-
vices and communication units. The charge lefhendapacitor bank could be estimated
without any power measurement by calculating therggnused from the elapsed time
of the unenergized state and parameterised consammpformation. (Kries Electrotek-
nik)

5.3 Moisture and humidity monitoring

Extreme weather conditions are becoming usual loeielimate change. Rainy days and

repeated temperature changes around 0 °C incleasedisture load of surfaces. Mois-
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ture condenses if the surface is colder than theiemhtemperature. The condensing is
most critical inside automation equipment comparttsieThe climate change may also
cause floods, wind, heavy rain and storms and &sing precipitation, increasing soil
moisture, changes in ground water level, erosiotreiasing landslides and a change in
freezing conditions. Therefore, precautions cowddidken by DNOs. Moisture makes
iron parts rust and may cause ruptures, which eaultrin an oil leakage, for example.
In transformer stations located in heated builditiys excess moisture could cause
mould, which is harmful to human health. Moisturehe soil and its changes can cause
changes in the basement structures of historiaaktormer buildings, for instance. In-
creasing moisture does not usually cause the nwléumng of transformers. However,
sometimes malfunctioning occurs as in Metsa Tiddaetta Mill in Finland, where a
short circuit was reported, because hot steam pedtinto some electric facilities. A
similar situation is possible when central heafges are damaged near the MV/LV
transformer station. A short circuit may also cabhsemful gas emissions inside the
MV/LV transformer station or electric facilities h€refore, a building automation sys-
tem which can be used to monitor moisture and hitynithanges is introduced. Humid-
ity change information could be used to inform peesonnel of the need to be prepared

for extra ventilation or water damages. (Martikair2906)

Humidity changes in the air inside the transforistation can be measured using build-
ing automation systems. In certain building transier stations in the middle of a high
building or in a metro tunnel, for instance, théedéon of excess moisture could be
used to indicate water leakage. In residential @ffide buildings this moisture can in-
crease the risk of property damage and lead to andaimage. This damage has had
time to develop, because the transformer roomsm@iered rarely. Therefore, in these
specific places a humidity sensor could be usedddmate and alarm about the exces-
sive level. The alarm could be conveyed both tobthiding automation system and the
distribution management system, where e.g. NIS/Ddd6ld be used to indicate the
warning on the map. A Thermokon LC-FA54 V is anrapée of a humidity sensor,
suitable for most transformer station automatiosteayps (Thermokon a). In order to
connect moisture sensor with an automation systetheotransformer station an extra

analogue input and the programmability of the sysaee needed.
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Humidity changes in the air outside the transforstation can be monitored using local
measurements at selected MV/LV transformer stat@nssing a central measurement
at a primary substation, for example. Central hutyidnd temperature measurements
are a part of weather information, which can beawmled from weather stations. To-
gether with air pressure information, the occuresaotrain can be deduced. In storms
the wind speed also increases. The weather statidtre HW/MW substation could be

used for a good estimate of local weather chargis&dnen et al 2009).

5.4 Splash and flood water detection

Storms and heavy rain can make the water flow antocansformer station or a cable
cabinet through the ventilation holes in the wals the waterfront this may happen
due to high waves or flooding. Some park transforstiations are designed to cope
with an oil leak. For that an oil pool is used, afhican, however, be filled with water

leaving no space for the oil leakage. At its wah&t water level exceeds the electrical
connection point causing a ‘water fault’, a specese of the earth fault or a short cir-
cuit. In specific risk areas water leakage detsctould be used to inform the personnel
in advance. This gives time to disconnect the supplchange its route. In transformer
stations which are located in the basements oflimgis a flooding river, pipe damage
or sewer flooding can cause water damage. Counésumes can be initiated after the
indication is received from the building automatisystem. Up to a certain point the
water level can be managed by pumping and by bhgckiaths. An early indication

gives time for precautionary measures and thuguhetioning electricity system can

even save lives. However, a flooded transformerostaexposes the personnel to the
risk of an electrical shock. One example of a flagdsensor which can be connected to
the monitoring system of the transformer statio liermokon LS02 (Thermokon b).

Such a sensor is useful in underground cable cehito®.

5.5 Sk gas leak detection

Sulphur hexafluoride, $Fis a colourless and non-smelling gas, which sdusside
the medium voltage switchgear for insulation anddix extinction purposes. Electric
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accidents are rare because of the switchgear emelo& gas leak can cause two risks.
In closed spaces the heavy gas can replace oxwdech may cause suffocation. If an
arc burns inside the $Bwitchgear, it will produce toxic compounds thah @xpose the
personnel to poisoning if the enclosure is brokeme best practise is to organize the
ventilation of the space, if contamination is expdcIn the standard SFS 6001 there are

requirements for SFswitchgear usage. (Helen)

A pressure sensor and a gauge are mostly usedlitate the operation condition of a
gas-insulated switchgear. In addition to this gawgpressure sensor transmitter could
be used, being connected to the transformer statibomation system. Based on the
indication limits an alarm could be sent to thetoaincentre system and displayed e.g.
in the NIS/DMS system in the form of symbols onrapipical map. An oxygen level of
less than 19.5 % is dangerous to humans. Therafoadition to ventilation, a port-

able oxygen meter could be used to detect the risk.

5.6 Temperature and ventilation monitoring

Transformer temperature monitoring was mentiondtemtransformer overloading de-

tection and the calculation of aging were discusee8ection 2.6. The transformer am-
bient temperature was used in the calculationsvéiPg@inen et al 2007) and measuring
the top temperature of the transformer was alsd tesenanage the risk of fire due over-
loading (Hyvarinen et al 2009b). As for pole-togarisformers, the centralized tempera-
ture measurement e.g. HV/MV substation weatherostatould possibly be used to es-
timate the ambient temperature. In park transfosnoeoling could be enhanced with

fans. In distribution transformers this option Ina been commonly used. The majority
of park transformers in many urban network compmam@iee oversized. Based on the
temperature measurement the fan control could dme@ssible. There are two follow-

ing loading cases, for instance, in which coolinghwans could extend the age of the

transformer, if normal-rated transformers are used:
- the warm season cooling load peak, and

- the cold season heating load peak.
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The ventilation of building transformers could bsupped with local control (Monni
2003). This local system could also be extendet wtnote monitoring and indication
and perhaps also with remote control. The temperatdormation history of the trans-

former could be used to guide transformer replacermed other planning tasks.

Room temperature information may be needed if toangers are located on different
storeys or basements of the buildings. Excess fhaat the transformer or some other
source may make a fire break out. According to (Md2003), the room temperature
measurement can be used to control the temperafus®//LV building transformer
station. The measurement could also be used toataiexternal heat sources. In the
cold season the temperature of residential buiklisgusually above 0 °C. Unnecessary
cooling can produce the loss of energy in heatiegltuilding, if the cool air from the
transformer room is admitted to the other partdhefbuilding. Energy could be saved if
the transformer load and other losses which protiee¢ could be used for heating dur-
ing cold seasons. This could complicate the bugdirrastructure and increase mainte-
nance costs. However, in the context of the heatiuca system of the computer server
hall, the capturing of the extra heat of the transkr could be cost-efficient (HS 2009).
The ventilation system should be in such a locatiat it can be maintained without
disconnect the transformer from the grid (Helen@0Uhe same requirement could be

applied to other heat exchange systems, if impléeden

Temperature control is used in local auxiliary &1 cabinets i.e. a thermostat controls
the heating element. The information and commuitinatevices need to be maintained
at temperatures above zero. Also, the operatior dimbackup power batteries is de-
pendent on the temperature. Therefore, the inmepdeature of auxiliary and DC cabi-

nets could be monitored in order to detect thaufailof the warming elements. Future
battery technology can require heating and coolifigerefore, optional temperature
measurements, monitoring and 1/O for the controhefting and cooling could be re-
served for future use in the MV/LV automation systévultiplexing makes it possible

to use one analogue to digital conversion porséeral measurements.
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The room temperature of the transformer statioesri$é the ventilation is stopped or
blocked. Differential pressure switches can be usethonitor the forced ventilation
system. The natural ventilation system could be itoced by using e.g. transformer
temperature measurements. The ventilation of theLMMransformer station can be
dependent on or independent of the ventilatiorhefluilding in which the transformer
is located. Therefore, pressure sensors can alsgdgeto detect if fans malfunction or
filters or valves block the air flow. A pressurei®h is a pressure sensor which can be
connected with the transformer station automati@tesn by using its contact output. In
addition, it could also be connected with the DAteyn using Modbus communication.
Modbus enables multiple clients on the same sdnsar(HK instruments)

5.7 Hatch open detection

Hatches and compartment doors could be monitoredibso switches, also called door
switches in some applications. So far that hasgéinbdone unlike on the doors of build-
ing transformers and MV/LV park transformers whedn be entered. The door switch
Is introduced more in detail in Section 5.9. In @at transformer stations the com-
partment doors are actually hatches. The microckwsain be connected to the digital
signal input of the distribution automation devarad the device could be programmed
to send an event to SCADA or to e.g. the NIS/DMS8eawy via the AMR/AMM integra-
tion suite introduced in Chapter 4. A building ausdion monitoring layer could be
added to the NIS/DMS system. Hence, it could bel uisea different NIS/DMS client
from that used for distribution monitoring. Thisubd prevent confusion with other
warnings and symbols and provide easy usabilitydraft of a building automation
monitoring layer is presented in Figure 38. The /RIS system is used to display the
hatch-open warning symbol on a graphical map. Thisld then be expanded to the
graphical alarm presentation shown also in FiguBe f8r example. The illustrative
graphical information could make use of CAD, i.emputer aided design, drawings,
which the indicating symbols could be attachedTioe event information, the trans-
former station data sheet, manufacturing inforrmatedarm information and scheduled
maintenance information could be presented as Nzgghin Figure 38. The scheduled

maintenance information could be used to deteattinoaized access, too.
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INFO

FINNKUMU

park transformer
address and coordi-
nates

alarms
Hatch #1 Open

Scheduled mainte-
nance:

dd.mm.yy

name of operative

Figure 38. Thebuilding automation monitoring layer of the NIS/DNgstem where
building automation events e.g. the hatch-open tevam be displagd or
a graphical map and on a 2D transformer layout oh@w he transforme
station information, event description informatiand scheduled mainte-
nance information is also presented.

5.8 Motion detection

Motion detection could be used at least in two @ppibns: to detect unauthorized ac-
cess to an MV/LV transformer station and to detgaffiti painters outside the station.
The first application needs a sensor inside thgostalhe sensor could be connected to
the automation system of the transformer statioowéver, timer settings could be
needed to eliminate multiple indications from tlaeng entrance. In the anti-graffiti ap-
plication the multiple motion sensors are locatatsiole the station. The sensors could
be connected in parallel and to a single digitpuinof the automation system. The area
which the motion sensor is used can be too larg#ias. Therefore, multiple proximity
sensors could be used to detect hands sprayingeostation walls. Motion detection
could also be used to trigger following systemsamera system, flash light, warning
light, a remote indication function and audio wamimessage system e.g. ” Danger,
move away from transformer” or just a loud sirenrsth The anti graffiti system could
be remotely switched off to allow the personnehpproach the transformer without any

alarm.
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5.9 Entrance detection using door switch

In the Helen Medium voltage transformer stationuregments (Helen 2009) it is stated
that the lighting of the MV/LV transformer stationust adequate, and in addition to
general lighting, a door switch which turns on gasate light source should be in-
stalled. This door switch could also be used fdragte detection. The idea of entrance
detection using a door switch has appeared in ¢sergbtion of the remote supervision
system of Dong (Northcote-Green et al 2008) and alsmeetings with Helen (Hy-

varinen et al 2009a). The door switch can be emeahanical limit switch. A simple

spring mechanism pushes a lever arm out when toe idoopened, simultaneously

opening or closing the contacts. Also, magneticrdaatches have been presented in
distribution applications (Kries Electroteknik). dldigital input of the automation sys-

tem of the transformer station often requires I&jicVv dc voltage. The output signal of
a mechanical sensor may fluctuate and also the ml@grbe opened several times dur-
ing maintenance. Therefore, multiple repeated apan signals should not cause mul-
tiple entrance detection indications in the contetre. They must be filtered. The ob-

jective is to produce a single-entry detectiongation from a single entry.

One filter application could be a timer relay whitas an adjustable off delay. The off
delay could also be used to control the hold tifthe light. The operation diagram of

the timer relay is presented in Figure 39. Letitst Aissume that the light connected to
the door switch does not use backup power, buipplged using 230 V ac voltage. The
phase voltage from the LV fuse of the electric o&=i connected to U connector of the
relay. U is the power input of the timer relay. Tdaor switch return conductor could

then connected to the signal input, S, of the rtelde relay operates when the rising
edge is received from S. The output, O, and heheelight should immediately be

turned on. The output is turned off based on thdigored off delay time. The 24 V dc

relay, controlled by the 230 V ac voltage, couldused to transform the AC signal into
the DC signal, which is used in the automationesysof the transformer station. If the
door entrance light is combined with an emergergiyt which uses a 24V backup bat-
tery, no such transformation is needed. The risahge of this 24 V signal could be used
to produce an entry indication in the automatiosteayn of the transformer station. The

off delay could be adjusted on the basis of previexperiences. Off delay could be a
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couple of hours, for instance. The entry detectrahcation from the MV/LV trans-
former station could be stored e.g. in the datalbhdbe NIS/DMS system. The time
stamp and location information could then usede@arch the work management data-
base for matches. Also, the scheduled maintenactogtias in the management data-
base could be searched for. The objective is tcimthe entry with the task and the per-
sonnel. The functionality could enable the bacldirag of events and sequences, per-

sonnel safety management and unauthorized accesdgide.

— U r
—> ¢ F’ﬁ
O%@(

off delay

Figure 39. Operation diagram of timer relay, used for doortswisighal filtering ir
MV/LV transformer station entry detection applicatj U= 230 V ac sup-
ply, S= control signal from door switch, O= outpaiight 230 V ac.
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6 CONCLUSIONS

In this chapter conclusions are drawn. The resequelstions introduced in Section 1.5
are discussed. They were set to outline and food\@/LV transformer station and LV

grid automation. They were the following:
- the extension of process monitoring path,

- new technologies for intelligent MV/LV and LV magement, improved fault
detection of MV/LV,

- enhanced PQ management and distortion locatiactifuns,
- ICT used in MV/LV management,

- the enhanced usage of IEC 61850 in MV/LV autoomgtand
- the extra value of auxiliary and building autoroatsystems.

The discussion of the new functions is meant tebemany DNO processes. These are
safety management, network management, asset nmeafjebusiness management,
fault management and client relations. The disoms& crystallized by comparing the
traditional system with the new intelligent systemhich is based on the ideas presented

in this thesis. Finally all presented are gathémem summary.

6.1 The extension of process monitoring path

Monitoring the distribution process consists of powivision and short circuit calcula-
tions, and the evaluation of the technical condgiof the process, which include e.g.
distribution and load estimates, minimum voltagewations, and protection validation
checks. As mentioned earlier, the process is madtérom primary substations at pre-
sent. In Chapter 2 many improvements to MV/LV tfanmmer station monitoring were
introduced. Some of the international improvememse the following: Enel has de-
cided to use LV circuit breakers, Dong has apphedautomation system to MV/LV
stations, which adds many monitoring as well agrobfunctions and IntDs project ap-
plied energy storage and LV voltage control toltkegrid. The SCADA system is used

to monitor the primary substation and the distitiutprocess. The state of the relays
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and remote-controlled disconnectors can be se&@CKDA in real time. The gradual
extension of distribution automation to MV/LV trdosmer stations in Finland was pre-
sented in Section 2.3. This included the remotdrobof MV voltage disconnectors,
MV fault detection and MV/LV measurements. The Licuait breakers used by Enel
extend the state monitoring to LV networks. SCADA used to pass the network
switching state information also on to NIS/DMS syss. Thus, the monitoring of the
relays of the LV feeders of MV/LV transformer stats could allow the extension of
the monitoring done with the SCADA and NIS/DMS &yst to LV networks. How-
ever, at present the LV circuit breakers are naswtered cost-efficient and suitable for
harsh distribution conditions which occur in par&nisformers in Finland. Therefore,
also other functions for the switching state mamig and protection were introduced.
Some of these were the following: fuse blown intlara could be used to monitor the
protection of the LV grid and voltage and currergasurements could be used to moni-
tor the state of the LV grid. The idea of monitgrinV switching actions is discussed in
details in Section 2.9. New technology enables ékiension of monitoring. However,
the monitoring of LV grids will increase the numhmrpoints and configuration work
tremendously. The current SCADA pricing system daes favour the addition of
monitoring points, but other ICT systems are alyeawbre suitable for the addition of
these MV/LV monitoring points. If SCADA is used tonnect LV measurements, also
the SCADA to NIS/DMS link need to be reconfigur€he possibility to add monitor-
ing points is to use AMR/AMM system interfaces, ahiwere introduced in Section
4.14. The effect of the addition of the fuse blowmdication to the SCADA and
NIS/DMS systems was presented in Section 2.4.3. abvantage is a more sensitive
monitoring system, which would enable a precise faster response in the case of

faults and unauthorized usage, for instance.

The relay protection of MV/LV transformers not ordytends the process monitoring
path, but also increases safety and flexibilitycsie.g. the differential protection pre-
sented in Section 2.5.2 works in both possible jugipections. Hence, it is also a suit-
able transformer protection, if distributed genierats added to the LV network, and
when its energy is distributed via the MV distrilont network. The safety of LV net-
works could be increased easily by using more coppd the TN-S system with RCD

protection. Phase and neutral breakage faults dmeilchonitored better by using Sepa-
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rate N and PE conductors and simple residual cudetection (RCD) protection. The
disadvantage of the TN-C system is the risk of RiBNductor breakage. However, the
usage of the RCD function in the TN-C system wasuised in Section 3.8. The multi-
ple grounding points of the PEN conductor in the-Tystem increases the safety of
the TN-C system, but makes fault detection morkcdit. The cost of cable installation
work in relation to the cost of an additional PEhdoctor has changed tremendously
since TN-C was adopted in Finland. Therefore, tNeSTsystem and the RCD function
monitored remotely could be a solution to extereghocess monitoring path to the LV

network and to increase safety.

6.2 New DA technologies for intelligent MV/LV and LV magement

Communication was discussed in Chapter 4. The dfalisgm distribution automation
(DA) includes communication specified by the wofdsmote monitor, coordinate and
operate” (Northcote-Green et al 2006). Therefofermation and communication tech-
nology (ICT) is enabling the DA. The ICT is used.an protection relays. One of the
new ICT technologies used in relays is the IEC &l@@®tocol. According to the termi-
nology of the IEC 61850 protocol, the relay is edllan intelligent electronic device
IED. Using this intelligent electronic relay devieath IEC 61850 the adjustment of
protection settings can be done remotely when #teark topology changes. Network
topology changes in reserve power applications wereduced in Section 2.5. The se-
lectivity in a static network can be achieved digausing fuses, but if the grid topology
changes e.g. as a result of feeder reconfiguratt@protection configuration may need
to be changed. In addition to the remote configonathanges, the intelligent electronic
relay device enables also many automatic localtfons, fault location functions and
indications of network events to the control ceniiiee relay could be used in reserve
power applications introduced in Sections 2.5.4 ard5. The reserve power enables
the customers to continue their activities, e.gcdotinue business in department stores.
The switching interruptions, even as short as Pmay cause interruption to customers
with sensitive processes, but the reserve supply stith enable a controlled shutdown
and the use of ventilation and pumps, which mayhéeded for safe idle operation.

Hence, these distribution automation enhancemeatustified.
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The development of embedded systems, programmadple dontrollers and relay tech-
nology has produced a number of measuring and orargt devices capable of com-
munication. The devices can be used to monitor MVitansformer stations and LV
grids. Some of these devices were introduced iti®@ed.4. Also, AMR meters are ca-
pable of communication and can be used to providemation from the LV grid.
AMR integration to the NIS/DMS system was introdiige Section 4.14. New AMR-
NIS/DMS DA functions include e.g. the fault locatiof LV network and PQ monitor-
ing introduced in Section 3.2. One of the advardagfehe AMR NIS/DMS integration
system is that it enables the usage of a compraleRL) measurement grid and a
measurement analysis using the NIS/DMS system.

Transformer overload detection and the calculatibaging is one of the new functions
presented in Chapter two, which can utilize infoliora from multiple sources e.g.
monitoring and measuring devices and AMRs. Theutalion of aging is a part of the
enhanced management of MV/LV and LV component&dation 1.3 it was stated that
monitoring the ageing of network components is @ phthe regulator activities. Al-
though one of the purposes of the regulator igpe®ed up necessary replacements, cal-
culating the ageing could be used to avoid unnacgseplacements. The overload de-
tection may extend the operation age of the transfo by providing information for
fast decision making, enabling actions to decréaséoad. One of these actions may be
the load separation to the neighbouring grids. §i@mers are typically heavily over-
sized, i.e. the typical load may be e.g. 50 % afisformer capacity. By providing accu-
rate information from the loading of the transformainnecessary over sizing could be
avoided and thus extra costs could be avoided. ematew function is real-time net-
work state monitoring, which can be implementedhgsnonitoring and measuring de-
vices. Real-time transformer measurement enabé&sdltulation of real-time customer
point of connection (POC) voltage and hence alaplgcal indications about exceeding
POC voltage limits using the NIS/DMS system. Transfer current measurement en-
ables also unbalanced load detection discusseddtio 2.8. The imbalance of three-
phase systems increases the load of the neutrductor and causes stress to the trans-
former. Therefore, this function could be espegiaiseful for fault management and

anticipated maintenance.
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6.3 Improved fault detection of MV/LV station and LVidr

In Chapters two and three two types of fault deectvere presented: fault detection
related to protection functions, and distortionedéibn and location related to power
quality monitoring and fault records. Although thtection device related to fault de-
tection, e.g. the short circuit protection of aayebr fuse blown detection, may more
often indicate a permanent fault, the cause ofetlh@® may still be the same: a failed
distribution network component. However, distortimeation may also indicate cus-
tomer equipment faults. Customer equipment faully cause distortion to other cus-
tomers near the location of the disruptive equipmBath fault detection and distortion
detection may even utilize the same current anthgelmeasurements from the MV/LV
and LV grid, assuming that non-saturating measucmgponents are used. One of the
new ideas is a fuse blown detection function basedver current detection, I>. The
applications were introduced in Sections 2.4.1 24d2. One possible implementation
could e.g. be a monitoring and measuring deviceppgd with MUX circuitry to en-
able multiple measurements (see Figure 7). A harnibequency analysis of the MV
feeder relay and three in downstream in the LV ibeats of MV/LV stations was pre-
sented in Section 3.4 as a solution to locate distoand to evaluate the contribution of
each LV grid to voltage quality. The distortion pbenenon can be steady-state or tran-
sitory. In Section 3.5 the requirements for tramyitvoltage measurements for e.g. cable
connection or cable insulation fault detection weiscussed. In order to catch the dis-
tortion and to produce fault records, especiallysthof non-fuse blowing faults, high
sampling frequency, adequate time synchronisatnohaa enhanced analysis system of
the measurements and protection indications wikdeded.

An MV feeder fault can be detected automaticalbnfrthe information acquired from
the primary substation or from distributed fauldicators and the fault can be isolated
using switching operations in secondary substatitmnSection 2.3 it was stated that in
Finland remote control systems and MV fault indicatare being increasingly added to
secondary substations (Laaksonen et al 2009; Hyméaret al 2009a). These stations are
carefully selected from among hundreds of substatigsing different feeder automa-
tion selection criteria. The SCADA (supervisory tohand data acquisition applica-

tion) system can monitor faults that primary sutistarelays, relays used in feeder
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automation or fault indicators have detected. B@ADA information is available for
NIS/DMS (the distribution management system) alsd iacan be used to calculate and
display fault location on the distribution grid mdparth fault location and step-and-
touch voltage warnindunctions, which use dispersed MV earth fault measents
placed in MV/LV transformer stations, were discusse Section 3.9. The accurate
earth fault location would enable fast fault mamaget actions needed for fault and
outage location, fault isolation, feeder reconfagion and fault repair. The safety of the
personnel who is implementing the manual manageawitns could also be improved
by using the step-and-touch voltage warning systeiypical fault management proc-
ess in LV underground networks starts from the aust indication of the fault. The
location of customers that have called the corgesitre can be used in the NIS/DMS
system. In the United States of America, for exanthlis is used in the location of LV
faults. The monitoring of LV fuses could be usedpiovide real-time and phase-
selective information about LV grid faults. AMR-leak fault location functions have
been developed in the NIS/DMS system. In SectidrBZhe fault indication functional-
ity of the SCADA and NIS/DMS systems that use thorimation from DA of the
MV/LV stations and LV grids was presented. A systgith both AMR and DA would
improve fault detection significantly. A fuse blowdetection application, shown in
Figure 8, provides a good overview of the advargagfeSCADA and NIS/DMS LV

monitoring.

The fault management functionality in SCADA and NDBIS would be, of course, pos-
sible using the information from MV/LV transformand LV relays. These relays could
be used to convey the information which causedripe and to capture the distortion
waveform. This could allow the use of some distiidou management system functions,
which are used in the fault management of the Midl, giso in the fault management of
MV/LV stations and LV grids. Transformer faults wediscussed in Sections 2.5 and
2.5.2. Winding and terminal faults are the majaasan for transformer faults. The
transformer differential protection is one of thesn efficient forms of protection,
which can be used to detect, protect and isolaerdmsformer in these faults. In the
short circuit faults of the LV grid, the LV grid atnl be used to provide the same fault
current information needed for NIS/DMS fault locets as seen in the MV network

fault location function. An LV earth fault in theNFC system may cause high fault cur-
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rent, which causes the operation of over curreottggtion. It can also be a cable insula-
tion fault, which is more challenging to discov&he challenges of neutral conductor
detection and broken phase conductor insulatioectien in TN-C system were dis-

cussed in Section 3.8 and also analysed in Se@tion

6.4 Power quality monitoring

The PQ system of E.ON Kainuu, a rural Finnish thstron operator, was presented in
Section 3.3. At present fixed PQ measurements @rermonly located in primary sub-
stations and along MV feeders (Niskanen et al 2@8glectric 2009; Niskanen et al
2007). These measurements are then supplementetewiporary measurements. Also,
customer complaints are investigated using temgarsgasurements. The literature re-
view of Section 3.2 contains the results of theergive PQ monitoring system plans of
the KEPCO company. New PQ monitoring technologiesld enable the PQ monitor-
ing chain to be easily extended. At the custome€ PMR meters and optional AMR
PQ modules can be used to measure power qualitgpdi@ary PQ measurements and
the optional PQ measurement device of the fusecbvaén be used in cable cabinets,
e.g. see Figure 6¢ (Efen GmbH 2011). In MV/LV tfanser stations monitoring and
measuring devices provide many PQ functions, amthple temporary devices can also
be used. The main benefits of a PQ system which pesemanent monitoring devices
were listed in the CEER study (Eurelectric 2009) presented in Section 3.2. The dis-
advantage of too extensive a system is the high Therefore, permanent measurement
locations should be planned to monitor the ovesailation well and can be used to

provide reports for as many customers as possible.

Power quality classes and indices, which were ptegan (Cobben 2007) and (Abart et
al 2009) and introduced in Section 3.2, could farbasis for graphical presentation,
which could provide a good overview of the PQ gitra Many times an overview can
provide enough data for the personnel to decidéuather procedures. One of these
procedures can be investigations using temporagsarements. Accurate power qual-
ity and fault recordings are still needed. Theadistn phenomenon can be transitory.

The result may be a permanently broken device ont@nrupted sensitive process. The
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distortions cannot be captured and localized uB@glevices, which reduce the data by
forming indices, e.g. using 10-minute values spediby EN 50160:2010. Also, in or-
der to produce reliable reports to the customer ptaimts, the measurement device
should meet with the requirements of the class A£Gf 61000-4-30. Therefore, power
guality measuring devices which can be triggeredttye distortion waveforms are
needed. New integrated flash memory is presentdedgare 29 in Section 4.5. Using
external memory detailed power quality records banstored from a long period of
time. Using data exchange formats IEEE PQDIF 11848 COMTRADE C37.111 the
distortion record data could be saved in flash mgmoan interchangeable way (Muel-
ler et al 2007). Using new fast wireless commuieamedia introduced in Section

4.10 and an IP network the power quality recordddcbe downloaded and analysed.

The harmonic voltage wave propagation theory wasméxed in Section 3.4. It was
concluded that harmonic voltage distortion is altrioly propagated from the MV/LV
transformer station to the customers at the eradl50-metre LV feeder, but only 10 %
is propagated from the customer location to thesfiamer station (Cobben 2007). This
is a guideline when measures against harmonic gesdtare considered. A strong grid
attenuates the effects of harmonic currents. DN&@smmend that filters are used in
customer grids which harmonic currents originatenfr LV customers’ harmonic cur-
rents cause a part of the harmonic voltages irlMWA_V transformer station. Another
part of the total harmonic voltage propagates fitbm MV network and a minor part
originates from the transformer. However, a filjdaced in the MV/LV transformer sta-
tion can be used to remove the harmonic voltagedtginates from the MV/LV trans-
former station and hence does not propagate ttottaions of the customers. A filter
positioned near the customer disruptive load piithtarmonic currents and hence also
harmonic voltage from being propagated from thation of the customer to the trans-
former station. If all customers should use filtgrsee harmonic currents do not flow to
and sum up in the transformer station. Harmonicerus exist and harmonic voltages
exist in LV grids. PQ monitoring enables harmoment evaluation and targeting man-
aging measures, if EN 50160 levels are exceedetheBtic power electronic loads,
such as energy saving lamps, home electronic amgbuaters, are increasing. Although
many of the new devices need less energy than diedces, they produce both har-

monic currents and reactive power. Solutions tdmio the propagation of harmonic
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currents include consumer devices with betterr§iltéhe usage of filters also in residen-
tial buildings, strengthening the grid and the esafjfilters also in the distribution grid.
The last option will increase distribution taritibnost certainly, but improve the power
quality and allow DNOs to monitor and manage fdtar collaboration with other dis-
tribution automation. Some new protection functibm®e used with filters and the re-
lay protection of the MV/LV transformer station weeintroduced in Section 3.6. These

improve safety and power quality.

6.5 Intelligent management using ICT

The functional processes of Distribution Networkn@anies (DNO), such as the elec-
tric distribution, fault management, client relaiso network management and connec-
tion management, utilize the information from MV/ltxansformer stations, LV cable
cabinets or LV grids. Information and communicattechnology is needed on many
levels to provide, to communicate and to processsitiiormation. At present a lot of the
information used by processes is manually gathaneldentered in the distribution man-
agement system. The switching state informatioh\bfgrid used by connection man-
agement and network management processes andrtipmeent condition information
used by condition management process are examiples mformation gathered manu-
ally. The ICT architecture also includes SCADA aottier distribution management
systems, which are used in remote operations. U&D& schematic diagram, e.g. see
Figure 28, shows some possibilities of future fiord enabled by ICT. The control and
monitoring functions of SCADA could consist of retea@ontrolled MV disconnectors,
a transformer protection relay, transformer temjpeeameasurements, a LV busbar re-
lay, the status information of fuse-switches, déf@ measurements and indications, for
instance. These ICT systems were discussed in &@hdptThe main focus was on
MV/LV transformer stations, but also system funetowere discussed. ICT can be
seen as enabling technology for automatic inforomaéicquisition and for local, remote

and central functions that utilize this information

The communication in future is communication usdiing IP protocol, which is used in

local area networks, mobile networks, industridivoeks, telephone networks and elec-



157

tric distribution automation networks. The increhssage of the IEC 61850 protocol in
primary substations is one of the applicationstdizing the IP protocol in electric dis-
tribution automation networks. The application epss of the IEC 61850 protocol
have been shown in Chapters two, three, four arel More thoroughly the protocol
was introduced in Sections 4.6 and 4.7. But whyi IEC 61850 in MV/LV trans-
former station communication? The information andctions of the MV/LV trans-
former station is far less than those of the pnnsrbstation. The communication net-
work of the MV/LV transformer station may at preseansist of a single serial link be-
tween the measuring and monitoring device and ¢imentunication device. The serial
IEC standard 60870-5 was introduced in Section At firesent and in Europe this pro-
tocol provides the standard and efficient way tgaoize both the local and long-
distance link communication of the MV/LV transform&ation. In America the DNP
protocol is used instead of IEC 60870-5. IP netwake used in industrial automation.
The process networks are changing from serial comcation to Ethernet and IP com-
munication. This change has appeared in distribuéiotomation communication net-
work applications, too. The IEC 61850 usage inghmary substation and the process
network applications introduced in (Apostolov 2014 )one concrete example of this
change. IP networks are used in wireless and wiocedmunication. They also enable
multi-protocol usage. In the physical wiring of MW/ transformer station equipment

the change merely means the changing of wiringvistéd pair or optical.

The usage of electrical network is expected to ghayjradually. The change can include
energy storages, self-healing networks, dispersedgg recourses in MV and LV net-
works, new protection, demand control and micralgriAlso, energy measurement is
automated. The energy meters of MV and LV custorygrisally communicate using a
GPRS or PLC communication network. Therefore, thanges will affect the ICT of
the MV/LV transformer station and the LV becausis ithe part of the distribution grid
nearest the customers. The MV/LV transformer stati@y be used as a connection lo-
cation for MV distributed generation. It is alreaaly}connection place for LV industrial
reserve supply, i.e. backup generators. In futunealy be a place for energy storage and
intelligent transformers introduced in (Kester e2@09) and discussed in Section 2.1.
Therefore, IP is a step towards intelligent grluls, it enables standard automation func-

tions as well, some of which are introduced in thissis. Moreover, the usage of the
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IEC 61850 protocol is superior also in ICT transfer stations and in the communica-
tion of the transformer station, because it malsesaf object-oriented structures, which

enable efficient processing, communication andtionality.

The communication of future DA utilizes multipleramunication media. It is a puzzle,
which has smaller and bigger parts. A part of tbhezfe e.g. the long-distance link of
the MV/LV transformer station may need to be chahdee the development of com-
munication networks and available services. Theegfthe usage of standard protocols
may also aid adapting to the new communicationreldyy, i.e. fitting a new part to
the communication puzzle. The communication arrareggs may include also bought
services from operators or from some other sergiowiders. One of the advantages
using these services is that it hides the undeglgmmmunication technology and en-
ables DNOs to focus on the distribution managen@ne of the disadvantages may be
a little higher cost, challenging contract managetnaad in possible failure cases also

the difficulties in the interpretation of the termisservice.

6.6 Extra value of auxiliary and building automatiorstgms

Protection against overvoltages in MV/LV transfornseations is recommended when
the transformer is connected to an overhead MV otwSurge arresters, located as
near the transformer as possible on the MV sideuaed to protect the MV/LV trans-
former against overvoltages. This protection presidlso some level of protection for
the supplied LV grid. The cabled MV grid is noteagosed as the overhead network to
lightning overvoltages. New technology, such as momication antennas used by dis-
tribution automation, communication antennas ofewgtumping stations, distributed
energy rooftop structures and other nearby metattsires e.g. street lighting or high
voltage lines may expose MV/LV transformer statmmponents and the LV grid to
lightning overvoltages. The weather conditions afs&inland are changing due to the
climate change. Power distribution, as long andads as possible, will give extra time
for emergency procedures e.g. evacuation undeeragtiveather conditions. Overvolt-
age protection located in the LV compartment of ttaasformer stations or in cable

cabinets could be used to protect distribution rmattton equipment, distributed genera-
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tion, energy storage equipment and even at soned tlee equipment of customers. LV
overvoltage protection is especially recommendear@as where lightning days are fre-
quent, if there are higher structures than in tiveosinding area, if the protected equip-
ment is connected to services which have an ineteask of a lightning strike or if

human safety needs to be increased e.g. in haspitabn biogas manufacturing sites.
The usage of surge arrestors was discussed ino8dc. The effects of lightning and
an overvoltage monitoring system were introduce8ection 3.11. In addition to surge
protectors, overvoltage relay protection is useprtdect passive filters. The application
of filters including overvoltage protection wasroduced in Section 3.6. This new tech-
nology allows DNOs to organize efficient monitoriagd protection against overvolt-

ages.

The protection, control and monitoring systems nieatleries for uninterrupted opera-
tion. In a cabled urban MV network intermediate tsives, remote-controlled discon-
nectors and fault indicators, for example, are naften located in the MV/LV trans-

former station, see Section 2.3. Hence, theseostatire more often equipped with bat-
teries. These batteries require some automatiactituns, but also manual checkups are
needed. The automation functions include chargmg)discharging control and moni-

toring, condition checks and power supply detectiimese were introduced in Section
5.2. The manual checkups include battery conditioecks with portable test devices
and the replacement of batteries. The manual te@kisl be scheduled to coincide with
other checkups. The automation functions enablaglesremote check or checking the
condition of the batteries of all remote controlldd¥//LV transformer stations system-

atically using NIS/DMS functionality, for instanc&tandard protocols, such as IEC
61850 and the management function of IED could belation to integrate the check of

the condition of batteries to DA systems and thnesdondition management could be

done partly automatically and perhaps more sysieaiigt

Building automation allows DNOs to monitor the MW/ltransformer station building
environment, ambient conditions, i.e. weather, @ndontrol access to these dangerous
facilities. In the control centre the building anmtation management function could be
implemented and integrated to the existing distidsumanagement systems e.g. to the

NIS/DMS system. However, in order to avoid confaswith other warnings and sym-
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bols and in order to provide easy usability, anas@l building automation monitoring

layer could be selected and used separately fraratpnal functions. An example and
illustration of this kind of monitoring function&§i was presented in Section 5.7. Hatch-
open monitoring, presented in Figure 38, could m®\WDNOs with a chance to detect
unauthorized access and ensure the safety of #igbdtion system. In addition to

these, automatic records of access with the nantaeofesponsible worker could be
kept. This kind of functionality would provide aatce to track possible connection

changes.

6.7 Traditional system and new intelligent system

The traditional MV/LV distribution system is desgghmainly for energy distribution in
one direction, from medium voltage to low voltagdso, the protection operation is
based on the assumption that the direction of tdveep flow does not alter. The system
consists of very few remote monitoring or contnahdtions. The MV fault detection is
based primarily on the functionality of protectioglays in primary substations. The
real-time status information of the MV switchgelty/LV transformer and LV grid is
missing. The network switching state and statusrmétion of MV/LV transformer sta-
tions and of the LV network is based on the actamd reporting of the field personnel.

Fault indications from customers are typically ieed by phone.

The new system is either a hybrid, i.e. a mixturéhe conventional and the new or a
full micro grid system. New system functions coaldo be taken into use gradually
based on the new distribution requirements. Theybeabuilt from modules e.q. intelli-

gent MV/LV transformer station components or ingglht LV distribution cable cabinet

components. The advanced and piloted systemsdinteal in Section 2.1, already gave
an overview about the possible functionality of tiesv system. Also, the Finnish DNO
review in Section 2.3 extended this overview. le thelen (Hyvarinen et al 2009a;

Siirto et al 2009) and Dong (Northcote-Green é1(f18; Vinter et al 2005) solutions the
MV functions based on MV/LV transformer stationdnhation form an essential part
of the new system. These functions include e.g.d4buit breaker open and close con-

trol, MV breaker position monitoring, MV directiohshort circuit indication, MV non-
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directional short circuit indication, MV fault logan indication, distance to fault in
ohms and MV earth fault indication. The functiorsséd on LV information can, there-
fore, be classified as supplementary (Laaksoneh 2009; Hyvarinen et al 2009a). The
IntDs —project system (Kester et al 2009) alsoudek a self-healing MV network fea-
ture enabled by providing the switchgear with thection of automatic transfer to an-
other MV feeder, but the MV/LV and LV functions aessential. These functions in-
clude e.g. energy storage, LV voltage level regutatmonitoring and shaping power

quality and matching the demand and supply of power

The SCADA and NIS/DMS monitoring views present wibké potential monitor and
control functions of the new MV/LV transformer stat system. The first step, the
SCADA monitoring extension to LV grids, was presehtn Figure 4. The old system
view consists of the primary substation MV feedsay and the symbols of manual MV
feeder disconnectors located in the MV/LV transferratation. The new system view
also presents the manual transformer MV disconngetad LV switchfuses. Hence, the
monitoring is extended to the MV/LV transformertsin, although the information
about switching event is received by phone fromfiblel personnel. The second step,
the MV and LV side measurements and indicationtheftransformer station is pre-
sented in Figure 5. These measurements could ac¢tadsformer loading, LV voltages
and currents and total harmonic distortion (THD)uea(Laaksonen et al 2009, Hy-
varinen et al 2009a). The indications could inclede MV disconnector position moni-
toring, MV switchgear gas pressure alarm, transésritemperature alarm and battery
voltage alarm. The third step, the addition fusewol detection to the SCADA and
NIS/DMS systems is presented in Figure 8. The SCAdghematic diagram of the
MV/LV transformer statiorwith the fuse blown detection of fuse-switches consit&s
fault indication and a red blown fuse symbol. TH&MMS fault indication consists of
the red triangle symbol on the distribution map anéhult indication message. The
monitoring of LV fuses could provide real-time feedaind phase-selective fault infor-
mation about the LV grid.

The MV feeder protection of the old system contansviV feeder relay in the primary

substation. The feeder relay controls the feedéckvand in MV feeder faults the en-
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tire feeder is disconnected. In the new systenadiulition to the MV feeder relay, also
intermediate relays could be located in 1-3 locatialong the MV feeder. In a cabled
network the location of the intermediate relayhis MV/LV transformer station, which

is also called a secondary substation. The numiirese stations may be 3—-4 % of all
secondary substations. In the new system distobgémeration (DG) can be connected
along the MV feeder. Therefore, the transformetiata which have an intermediate
MV relay may have unique requirements for protectioordination and communica-

tion. The relay protection of distributed genematiconnected to MV feeders is dis-
cussed in (Nyberg 2008). An application examplddf/LV transformer station com-

munication requirements was presented in Secti@nAh idea of loss of mains protec-
tion of DGs and of suitable communication architeetwas presented in Figure 33. The
idea consists of an IP network, the usage of ti@8E850 protocol, GOOSE messaging
and VLANSs. This example shows how the new systeth witermediate MV-relays,

distributed generation and LoM protection requirateaenay have an impact on the ver-

tical communication of the MV/LV transformer statio

The old MV/LV transformer component protection dstsof MV fuses. The MV fuses
are used to protect the transformer from the fafltsigh fault current. In the new sys-
tem relay protection can be used for better transfo protection. The advantages and
disadvantages, additional costs and technicalpyotection requirements could be con-
sidered case by case. The advantages of relaycpostevere discussed in Section 2.5.
In addition to the better protection of the tramsfer component, one of the essential
advantages is also the remote monitoring and corithee fault information about the
MV/LV transformer station can be received at thatoa centre in real time. If the ex-
act fault is known, the field team can be equippti correct spare parts and a diesel
generator, for instance, before the team is disgatcAnother advantage of relay pro-
tection is the possibility to adjust and change gh&tection settings. In future the pro-
tection chain could be checked using the simulatgatures of the NIS/DMS system
and then these correct settings uploaded to timsforamer protection relay. The time-
overcurrent plot design method, used for protecgilamning, was presented in Section
2.5.1 and in Appendix 1. The correct protectionisgé and protection grading margin
needed for selective protection can be determigatyuhis method. In the old system it
Is also assumed that the direction of the powev fofrom the MV network to the LV
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network and there is no high penetration of distiebl energy resources connected to
the LV network. If the power flow direction can bleanged, new transformer protection
e.g. differential protection, presented in Secdn2, is needed. The differential protec-
tion of the MV/LV transformer improves the safetfytbe MV/LV transformer station
by providing better protection, but it may be exgub$o auxiliary system failures e.g.
battery supply failures and configuration mistakes.

Automatic switching functions are not utilized metold system. In the new system re-
lay intelligence could be used to detect powerriofgions and to initialize automatic

reserve power connection sequences. Two reserverpapplications which utilize

automatic switching functions were discussed intiSes 2.5.4 and 2.5.5. In Figure 12a
SCADA schematic diagram the first automatic switghiunction was presented. In this
function the intelligence of the LV busbar relaysazsed to detect supply interruption
and then to initialize an automatic sequence, iicwthe LV bus is separated, new con-
figuration settings are commanded to be used ayselthe generator protection relay is
commanded to wait until the generator is ready @nthen close. Another SCADA

schematic diagram including an automatic switcHungction was presented in Figure
13. In this function the intelligence of the MV/L¥ansformer protection relay and
SCADA are used. The SCADA schematic diagram wad ts@resent a reserve power
supply situation from the neighbouring transformtation using the LV core connec-
tion cable network and the remote changeover fancts a result of the function, the
interrupted LV grid was powered from the neighbogritransformer station using

automatic and remote control procedures. Similsemes power applications that were
presented in Sections 2.5.4 and 2.5.5 could alrbadpund in some industrial distribu-
tion grids, in paper mills or chemical factoriest €xample. This kind of enhancement
reserve power automation could therefore be usgdoide a similar service to the LV

customers DNOs.

In the new system the measuring and monitoringtfons of MV/LV transformer sta-
tions IEDs provide useful process monitoring anavgoquality information from the
MV/LV transformer station and the LV grid. In digmtion management systems, i.e.
SCADA and NIS/DMS, this information can be furthesed by many functions. The
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measurement and indication view in SCADA presemegigure 5 shows a typical use.
The deduced functions presented in this thesisistooe.g. MV/LV transformer over-

load detection and the calculation of aging intiebliin Section 2.6, real-time LV net-
work state monitoring introduced in Section 2.7balanced load detection function in-
troduced in Section 2.8 and power quality datalzeseNIS/DMS power quality analy-

sis functions referred to in Sections 3.2 and Bt Council of European Energy Regu-
lators (CEER) recommends that voltage quality nooimiy programmes be put in place
in European countries. PQ monitoring functions émalhe PQ monitoring chain to be
extended to MV/LV transformer stations. The temppraeasurements and AMRs al-
low the monitoring chain to be extended even furth®wever, in order to produce re-
liable and standard measurements and reports, dasurement device should meet
with the requirements of the IEC 61000-4-30 stamdelass A. At present this is

achieved only by using temporary measurement devislso, exchange formats IEEE
PQDIF 1159.3 and COMTRADE C37.111 could be usegrtmuce interchangeable

power quality records data.

The new system utilizes new ICT technology. ICT des the SCADA control and

monitoring of the MV/LV transformer station, segéiie 21. ICT also enables the inter

action of multiple systems. For example, an oveag#d monitoring and lightning re-
porting system was presented in Figure 27. In Hwtke applications the interaction and

functions of the power quality database system, B&And NIS/DMS are essential.

A communication protocol theory, IEC serial comnuation protocols and a review of
the use of serial protocols in measuring and manigadevices were presented in Chap-
ter four, as well as new information and commumicatechnology for distribution
automation usage. These were e.g. the IEC 6185@hcmination architecture presented
in Section 4.7 and IP routing architecture in Sec#.11. Future communication will
use the IP protocol. It is used in local area nétaomobile networks, industrial net-
works, telephone networks and electric distributmmomation networks. The increased
usage of the IEC 61850 protocol in primary substegiis one example of IP protocol
utilization and a driver to the other applicatimislectric distribution automation. The

MV/LV application examples of IEC 61850 protocolage have been presented in
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Chapters two, three, four and five. More thoroughly protocol was introduced in Sec-
tion 4.6 and Section 4.7 and discussed in SectidnThe routing of IP traffic enables
the usage of multiple communication links betwden MV/LV transformer station and
the control centre or the primary substation. Tdw#ting of traffic could be used to en-
able e.g. multiple IP long-distance links from t¥&Ps and a wireless IP link connec-
tion via the primary substation. Routing increagesreliability of the communication
system e.g. during 2G or 3G base station servieakis; which may be caused by an

interruption in the electric distribution system.

The new system also consists of auxiliary and Imgldwutomation systems presented in
Chapter five. The integration of building automatmonitoring to the existing distribu-
tion management systems was discussed in Sectidran8 6.6. An example and illus-
tration of building automation monitoring was pnetsel in Section 5.7 and Figure 38.
The monitoring could be realized in an optionallding automation monitoring layer,
used separately. This could prevent the confusiidm ether warnings and symbols and
to provide easy usability. The systems presentéchiapter five included e.g. overvolt-
age protection using surge arresters, the manadgevh@ower backup batteries, and a
variety of building automation functions e.g. marst and humidity monitoring, splash
and flood water detection, $Fjas leak detection, temperature monitoring in the
MV/LV station, air ventilation monitoring, hatch-ep detection, motion detection and
entrance detection using door switch functions. e systems provide DNOs with
valuable information about auxiliary systems, thelding environment or about the

cabinet entry, for example.

At the beginning of each chapter a process mapND [Rey processes were presented.
The functions could provide information for e.gitwerk management, fault manage-
ment, safety management, asset management pracdssesver, practical tests to dis-
cover the benefits of these functions were not ootetl in this study. The objective
was to introduce ideas and create discussion ardmtgbution network companies,
component manufacturers, customers, the regulatbtree research community. Unfor-

tunately, the results of this discussion cannaedienated beforehand. Only a few of all
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the MV/LV transformer stations in Finland are eqegd with DA. Therefore the ex-
amination of benefits of the MV/LV distribution aumhation is difficult.

6.8 Summary

Distribution automation and DA functions needed tfttge management of MV/LV sta-
tions and LV grids were presented in this thesisesE new presented management
functions provide a process monitoring path from phimary substation through feeder
automation to the automation of the LV grid. Thésections also enable MV/LV fault
detection, transformer and LV network monitoringl afficient operation in fault situa-
tions, for instance. They were presented in Chapigo and three. The extension of
power quality monitoring to MV/LV transformer stais and LV grids was discussed in
Chapter three. Information and communication tetdmothat is used to enable distri-
bution automation was introduced in Chapter foure MV/LV automation system can
also be extended with auxiliary and building autbamasystems. These were presented
in Chapter five. Finally, the discussion of thee@€h questions was presented in Chap-

ter six.

The majority of distribution automation systemsséxn primary substations and in con-
trol centre at present. On a minor scale DA exispacific locations along MV feeders.
MV/LV transformer stations and LV grids are manadesed on calculations, con-
sumption profiles, manual measurements and chewksastomer indications received
by phone. This has been both cost-efficient for BNfd adequate service for the ma-
jority of customers. However, network investments lang-term investments and more
and more intelligence is expected in the futur@estments in future intelligence are
especially problematic at MV/LV transformer stasoand LV grids because many of
the possibilities are unknown and because thisgdatte distribution grid forms such a
great share of the entire distribution network aasElee objective of DNOs to provide
equal service to all clients is better justifiedhgsSAIFI and CAIDI et al. in accordance
with MV network improvements. At the beginning afadual and long-term MV/LV
and LV grid automation improvements the customalisbe placed in an unequal posi-

tion. At present some technologies, such as passideactive filters, are efficient and
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most cost-efficient nearer customers and at thevbWage level. The urban network
MV feeder management already includes MV/LV remaiatrol and monitoring func-
tions. In these MV/LV transformer stations furthevestments in MV/LV and LV grid
automation can be seen as a small additional koaddition to the improved manage-
ment of the DNO processes and constantly tightemeguirements for reliability,
MV/LV and LV automation may also offer solutionsttee new flexibility requirements
of energy storage, demand management and distllilpeteeration applications, for ex-
ample. However, the discussion, outlined by theeassh questions, concentrated on

better overall management and improved reliabditg safety.
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Appendix 1. A simulation case study of overcurrent protection

This simulation case study presents a time-ovezatiplot design method used for the
overcurrent protection planning of the distributioetwork. The simulation is done us-
ing Digsilent and the simulated network model isgented in Figure Al (Kauhaniemi
2010). The model includes, from top to down: areexdl grid connection, a primary
substation with two busbars, a modelled MV feedeMV/LV transformer station, a

modelled LV feeder and a LV busbar of the customin a motor lo.ad. The busbar
short circuit current levels are shown inside tbgds. The arrows indicate the position
of the protection devices and the coloured recemghow the protection zones, which
these devices are configured to protect. The psiraabstation MV1 busbar relay (1) is
used to protect the red zone, the primary substdig2 busbar and short circuit level
reducer relay (2) is used to protect the green zdvi¥ feeder relay (3) the blue zone
and MV/LV transformer relay (4) the yellow zone.

HV/MV SUBSTATION
Relay 1 busbar protection

Relay 3 Medium voltage feeder and
MV/LV substation MV busbar pro-

tection
MVllB 374,94 - .
\ e Relay 2 short circuit level re-
ducer component protection
(5% | \\Lf 5 and MV busbar 2 protection

4] "

Relay 4 MV/LV Transformer
protection

717
3056
6.950

Figure A1. A Digsilent model of the simulation case studfy distribution grid
overcurrent protection. The protection zones fraading substation to
MV/LV transformer are presented with colored reglas and the
configured relays are indicated with arrows.
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Figure A2 shows the time-overcurrent plot methoddus protection chain planning.
This plot presents the overcurrent protection dpmrain the simulated network, see
Figure Al. The vertical axis shows the overcurrandl the horizontal axis operation
time needed for the protection to operate. Theovalg can be deduced by exploring
the plot. The curves 1-12 and the relays 1-4 meatidbelow refer to figures A2 and
Al, respectively.

- MV/LV transformer protection operation curve (7),

- relay 4 operates before the damage curve of wemst, i.e. curve
(6),
- the MV feeder protection curve (8),

—>the operation time of relay 3 is slower and theentris higher than
those of relay 4 protection the transformer

- in a transformer fault or in a LV busbar fault lboktlays 3 and 4
should detect the overcurrent, but only relay 4usthoperate before re-

lay 3, and

- curve (2), in a fault in the LV grid, the LV feadkise operates be-

fore the relay operates.
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Figure A2.

Simulation case study: Digsilent time-overcurrplut of the overcurrent
protection operation of the simulated network. Thlst can used to
determine selective relay settings in the distrdsugrid. 1. load current
of the fuse-protected LV feeder of MV/LV transform&ation,2. fuse
melt curve, LV feeder 3. load current of the MV feeder serving the
MV/LV transformer, 4. load current of MV busbar 2 (in HV/MV
substation) 5. load current of the substation busk&rdamage curve of
the MV/LV transformer,7. operating curve of MV/LV transformer
protection relay 4,8. operating curve of MV feeder relay 3, operating
curve of MV busbar 2 relay 2 (in HV/MV substatiof}). operating curve
of MV busbar 1 relay 1, 11. LV feeder damage curvé2. MV feeder
damage curve.
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Appendix 2. Parts of the standard IEC 61850

Table A2. Parts of the IEC 61850 standard and descriptiotiseoparts (IEC 2011).

ts

STANDARD DESCRIPTION
IEC 61850-1 |[Communication networks and systems in substatiétest-1: Introduction and overview
IEC 61850-2 [Communication networks and systems in substatiétest-2: Glossary
IEC 61850-3 |Communication networks and systems in substatiétest-3: General requirements
Communication networks and systems in substatiétet-4: System and project
IEC 61850-4 |management
Communication networks and systems in substatiétest-5: Communication requiremery
IEC 61850-5 |[for functions and device models
Communication networks and systems for power ytéiittomation - Part 6: Configuratior
IEC 61850-6 |description language for communication in electrizdstations related to IEDs
Communication networks and systems in substati®@asic communication structure for
IEC 61850-7 [substation and feeder equipment
IEC 61850-7-1: Principles and models
IEC 61850-7-2: Abstract communication service ifstee (ACSI)
IEC 61850-7-3: Common Data Classes
IEC 61850-7-4: Compatible logical node classesdatd classes
Communication networks and systems in substati@peeific Communication Service
IEC 61850-8 |Mapping (SCSM)
IEC 61850-8-1: Specific Communication Service Mapping (SCSM) - Mappings to MMS (ISO
9506-1 and ISO 9506-2) and to ISO/IEC 8802-3
IEC 61850-8-2: Specific communication service maggiSCSM) - Mappings to web-
services
Communication networks and systems in substati@pecific Communication Service
IEC 61850-9 |Mapping (SCSM)
IEC 61850-9-1: Sampled values over serial unidioeel multidrop point to point link
IEC 61850-9-2: Sampled values over ISO/IEC 8802-3
IEC 61850-10 [Communication networks and systems in substatiétest-10: Conformance testing




