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Tiivistelma

Vaihtovirtaan (AC) perustuvien mikroverkkojen kayttoonottoon liittyy monia
taloudellisia ja teknisid haasteita. Merkittivimmat tekniset haasteet koskevat
jarjestelmin ohjausta ja suojausta. AC-mikroverkkojen toiminta sekd muuhun
verkkoon kytkeytyneend ettd itsendisend saarekkeena, hajautettujen energia-
resurssien (DER) kytkeminen ja irrottaminen seka niiden rajallinen kyky syottaa
vikavirtaa edellyttavat mukautuvia ohjaus- ja suojausjarjestelmia. Eri ohjaus- ja
suojalaitteiden vililla on oltava tietoliikenneyhteydet adaptiivisten suojausjarjes-
telmien toteuttamiseksi. Suojalaitteiden tulee pystya kasittelemaan ennakoimatto-
mia viiveitd ja virheitd tietoliikenteessa. DER-yksikoiden saddon tulee toimia
normaalin verkkoa seuraavan tilan lisiksi my0s verkon muodostavassa tilassa
toimittaessa saarekekaytossa. Lisdksi tarvitaan strategia energian varastointiin
kuormituksen ja tuotantovaihteluiden tasoittamiseksi saareketilanteessa.
Verkkoonliitynndn maéaadraykset ovat yleensd saatavilla verkkoon kytketylle
toimintatavalle, joten saarekekaytolle on kehitettdva uusia ohjeita. Tarvetta olisi
myos kehittdd suunnattu suojausjarjestelma, joka toimisi erilaisilla mikroverkoilla
ja eri toimintatiloissa.

Edelld mainitut tekijit huomioon ottaen tidssd viitoskirjassa ehdotetaan,
analysoidaan ja validoidaan verkkovaihtosuuntaajiin perustuvia energiaresursseja
sisaltavien AC-mikroverkkojen tietoliikennepohjaisia adaptiivisia suojaus-
ratkaisuja seki ei-reaaliaikaisilla simuloinneilla etta reaaliaikaisilla hardware-in-
the-loop (HIL) -simuloinneilla. Tyossa on tarkasteltu Ethernet-pohjaisia viestinta-
protokollia, ja IEC 61850 -standardin mukainen GOOSE-protokolla on valittu
kaytettavaksi adaptiivisissa suojausjirjestelmissa. Simulointitulosten perusteella
tyossa ehdotetaan kaytettdviksi ylivirtasuojareleiden vakioaikaan perustuvaa
koordinointia saareketilassa. Saareketilan osalta on tutkittu DER-yksikoiden ja
akkuenergiavarastojen (BESS) tuottaman vikavirran lisddmistd niin, ettad
adaptiivinen ylivirtasuojaus voitaisiin valttda ja varmistettaisiin nopea sulake-
suojauksen toiminta. Lisdksi tyossa on ehdotettu ja arvioitu virran suuruus-
vertailuun ja symmetristen komponenttien kaytt66n perustuvia suunnattuja
suojausjarjestelmia. Viitoskirjassa ehdotetaan myos menetelmia vaihekatkosten
havaitsemiseksi seka uusia rajakayria vaihtosuuntaajapohjaisten DER-yksikoiden
jannitekuopan (LVRT) ja jannitteen nousun (HVRT) sietoisuudelle.

Avainsanat: AC-mikroverkot, adaptiivinen suojaus, saareketila, vaihtosuuntaaja-
liitantaiset hajautetut energiaresurssit, IEC 61850 tietoliikenne, GOOSE-proto-
kolla, HIL-simulaatiot
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Abstract

The implementation of AC microgrids has many economic and technical
challenges. The most prominent technical challenges of AC microgrids include
those of control and protection. The operation of AC microgrids in both grid-
connected and islanded modes, the connection and disconnection of distributed
energy resources (DERs) due to operational and economic reasons, and the limited
fault current contribution of converter-based DERs require adaptive control and
protection schemes. Communication links between control and protection devices
need to be provided to implement adaptive control and protection schemes. The
protection devices should be capable of handling unwarranted and
nondeterministic communication delays and failures. In addition to the grid-
following control of DERs, the grid-forming control of DERSs is also required for
the islanded mode of operation. Additionally, some kind of energy storage is also
required for smoothing load and generation variations in the islanded mode. The
grid codes are usually available for the grid-connected mode of operation,
therefore new grid codes for the islanded mode of operation need to be developed,
as well as directional protection schemes for various configurations and modes of
AC microgrids.

Considering the above factors, a communication-based adaptive protection of
radial AC microgrids with converter-based DERs is proposed, analyzed and
validated using offline and real-time hardware-in-the-loop (HIL) simulations in
this thesis. Various Ethernet-based communication protocols have been reviewed,
and the IEC 61850 communication based generic object-oriented substation event
(GOOSE) protocol has been selected for application in adaptive protection
schemes. The method of handling communication failures by intelligent electronic
devices (IEDs) or protection relays is also proposed. Based on simulation results,
the definite-time coordination of overcurrent protection relays is suggested for the
islanded mode of radial AC microgrids. The extent of fault current contributions
from DERs and battery energy storage systems (BESS) to avoid definite-time
adaptive overcurrent protection scheme and ensuring fast fuse operations is
investigated for different islanded modes. Directional protection schemes based
on current magnitude comparison and symmetrical component methods have
been proposed and evaluated. Also, methods for the detection of open phase faults
and new low voltage ride-through (LVRT) and high voltage ride-through (HVRT)
curves for converter-based DERs are suggested in this thesis.

Keywords: AC microgrids, Adaptive protection, Islanded mode, Converter-based
DERs, IEC 61850 communication, GOOSE protocol, HIL simulations
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1 INTRODUCTION

1.1 Background

During the last decade, various research and development activities around the
world have been focused on renewable energy technologies commonly known as
renewable energy sources (RES), and their integration into transmission and
distribution systems. The key driving forces behind the development of RES
technology are the reduction of greenhouse gas (GHG) emissions and meeting the
constantly growing energy and electricity demand. The GHG emissions are largely
produced by the burning of fossil fuels for heat, electricity and transportation
(United States Environmental Protection Agency (EPA), n.d.-b). According to the
earlier projections of the International Energy Agency (IEA) and World Energy
Council, the primary energy demand will increase between 40% and 150% and
electricity consumption will increase between 110% and 260% by 2050 (Metz et
al., 2007). The most prominent economic benefits of RES technology are less
dependency on fossil fuel imports and getting cheap and clean energy from
renewable sources to meet the growing energy demand. The recent goals related
to RES technology development are the United Nations (UN) sustainable
development goals (SDGs) set in 2015 as part of UN 2030 Agenda for Sustainable
Development including affordable and clean energy (SDG?7), industry, innovation
and infrastructure (SDG9), and climate action (SDG13) (United Nations (UN),
n.d.); (European Commission, n.d.-c).

According to the recently published global renewable energy outlook by the
International Renewable Energy Agency (IRENA), the share of renewable
electricity generation with current pace will grow from 26% in 2018 to 38% in 2030
and 55% in 2050. However, this share of renewable electricity will probably grow
even faster from current rates of 26% to 57% in 2030 and 86% in 2050 due to
declining costs, and thus cheaper electricity generation from RES compared to the
generation from fossil fuels. The variable RES (VRES) like wind energy and solar
photovoltaic (PV) would supply 3