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Osa dalykkaiden sahkoverkkojen ideologiaa on uugiestymistapa sahkoéverkon
saareketilanteisiin. Alykkaat sahkoverkot ja hagdtut tuotanto voivat tulevaisuudessa
mahdollistaa esimerkiksi tehon sy6ton jakeluverkdsantaverkkoon ja jakeluverkon
yksittdisen 1ahdon operoinnin itsendisend jarjesield. Naissa tilanteissa sahkoverkon
suojaukselle ja saadolle asetetaan uudenlaisiainualedia kuten saarekkeen
tunnistaminen ja hajautetun tuotannon kyky pitdl@ yerkon jannitettd ja taajuutta.
Taystehokonvertteri on uuden hajautetun tuotanreisig verkkoon liittAmiskeino ja
mahdollistaa suojausfunktioiden ja verkon yllapiisen implementointia hajautetun
tuotannon yksikoihin.

Tassa diplomityossa tutkitaan saarekkeen muodostanseka siihen liittyvia
iimioitéa kuten turvallisuusndkodkohtia ja mahdobigayotyja. Kirjallisuudessa esiteltyja
saarekkeen tunnistusmenetelmia seka niiden hyviu@noja puolia kaydaan lapi.
Saarekkeen muodostumista tutkitaan kaytannon restevulla ja taajuuden
poikkeuttamiseen reaktiivisen virran avulla peruatu saarekkeen esto menetelman
osalta. Saarekkeen tunnistusmenetelmien testaukgeekayttoon liittyvia verkko
vaatimuksia hyodynnetaan testauksessa ja tulokdiagtellaan standardoinnin pohjalta.

Tuloksista selvidd saarekkeen taajuuden ja jammtkayttaytyminen erilaisilla pato
— ja loisteho tasapainoilla seka verkko inverttekiyttaytyminen ilman saarekkeen
tunnistusmenetelmé&é ja sen kanssa. Tuloksien peflsstyoidaan arvioida saarekkeen
tunnistusmenetelmén toimivuutta ja soveltuvuuttdaisiin verkko vaatimuksiin ja
ymparistéihin.  Verkko invertterin toiminta ilman a&kkeen esto menetelm&a
todennetaan ja olemassa olevien tuotteiden osalidaan arvioida saarekkeeseen
joutumisen mahdollisuutta ja todennakdisyytta.
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A part of smart grid ideology is a new approachstanding of power system. Smart
grids and distributed generation can e.g. enableepdlow upstream from distribution
network and operation of distribution branch asralividual power system. These sce-
narios introduce new requirements for protectiod eontrol of the power system such
as detection of islanding and the ability of disiited generation to maintain voltage
and frequency of the power system. Full power cdeves the most used way of con-
necting new distributed generation to power syssm it enables implementation of
protection functions and grid controlling abilitieso distributed generation units.

This thesis studies islanding of power systemsrataded phenomena such as safety
aspects and possible benefits of islanding. Istandietection methods presented in lit-
erature and their benefits and downsides are redevslanding and an anti-islanding
method based on frequency diverging by reactiveeotiinjection are studied also from
practical perspective by a miniature demonstratiénd codes and standardization re-
lated to islanding are utilized in testing and fssare studied on the grounds of stand-
ardization.

Results show the frequency and voltage behavitheofslanded system with differ-
ent reactive — and active power balances and behakthe grid interface inverter with
and without islanding prevention functionality. ®asis of these results the functionali-
ty and applicability of this islanding detection timed into different environments and
compatibility with different grid codes can be ewatled. Functionality of the grid in-
verter without anti-islanding functionality is veeid and as for currently existing prod-
ucts the possibility and probability of unintentidmslanding can be assessed.
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A bold capitol letter stands for a matrix
Vector base

A vector

Capacitance

Group of complex numbers
Chopping fraction

Grid phase voltages

Grid voltage synchronous components
Frequency

Expectation value

A function

Frequency over power charactristic
Inertia constant

Running number

Instantaneous current fundamental components
Synchronous current components
Current reference

Imaginary unit

Droop slope

Controller gain

kilo, 103

Inductance

Mega,10°

Milli, 1073

Running number

Real power

Reactive power

Resistance

Time

Period length, transpose

Voltage

DC voltage

DC voltage reference

hth harmonic voltage component
Phase-to-phase voltage

Negative sequence voltage

Phase voltage

Nominal phase voltage

Positive sequence voltage

Vi
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Uy yz Orthogonal coordinates

Uy Space vector

Uys Voltage unbalance

Ua,p Orthogonal coordinates

Uy Homopolar coordinate

U, Fundamental voltage component

14 A letter with a circumflex refers to a vector

|4 Inverter output voltage

Vo Inverter idle voltage

V40,b0,c0 Inverter pole voltages

Vga Synchronous pole voltage components

Qf Quality factor

X Reactance

Y A three phase connection

Z Impedance

r Error variable

A Variation interval, a three-phase connection

n Accuracy

0 An angle

)y Sum operator

m Micro, 10

T A mathematical constant

® An angle

A A fourier vector

1) Angular frequency

AFD Active frequency drift

AFE Active front end, a 4-quadrant inverter

AFDPF Active frequency drift with positive feedback

AFDPCF Active frequency drift with pulsating chopgifraction

APS Automatic phase shift

ALPS Adaptive logic phase shift

ARPS Adaptive reactive power shift

BR A breaker

DC Direct current component of a signal is defimsdan aver-
age value of that signal

DFT Discrete Fourier transform, a method for sefiagafre-
guency components from a sampled signal

DG Distributed generation, units rated from O to\WMocated

in distribution branches of the network



DSP

ENTSO-E
FPC

FRT
IEEE
IEC
IGBT
NDZ
PCC
PF
PID
PLL
PQ-control
PWM
RMS
SAIDI
SAIFI
SFS

SVS

SVPWM
THD

VSl-control

viii

Digital signal processing is used by micropssoes to pro-
cess discrete signals

A harmonized European grid code

Full power converter, a frequency conversion rated to
nominal power of a production unit

Fault ride through refers to power system emeipt’'s abil-
ity to stay operational during a grid fault

Institute of electrical and electronics engirse
International electrotechnical commission

Isolated-gate bipolar transistor is an elegitocomponent
utilized by modern power electronic devices

Non detection zone is a performance index &anding
detection methods

Point of common coupling is the point in whiochexample
a distributed generation unit connects to powet gri
Power factor

Proportional, integral, derivative, -controller

Phase locked loop is a servo system which éslue make
one signal track another signal

A control scheme in which converter usibperated as a
current source

Pulse width modulation is the most widely useethod of
controlling inverter output voltage

Root mean square value defines an equal dt fleva si-
nusoidal signal

System average interruption duration indexamsindex de-
scribing average interruption duration in powersgs
System average interruption frequency indexan index
describing interruption frequency of a power system
Sandia frequency shift is an active islandirgection
method based on frequency deviation

Sandia voltage shift is an active islandingdi&bn method
based on voltage amplitude deviation

Space vector pulse width modulation

Total harmonic distortion is the amount of hamt content
in a signal

A control scheme in which converter tuisi operated as a
voltage source



1 INTRODUCTION

Smart grids are a modern tendency of power grigee @art of smart grid ideology is
distributed generation which is sited within thetdbution network. Originally distribu-
tion network has not been designed to deliver paypstream to the grid which surfaces
new kind of design issues related to protection emmtrol of the power system. Dis-
tributed generation often utilizes renewable enesgyrces such as wind — and solar
power and electrical energy is converted to a Bl@tborm to be fed to AC network with
utilization of power electronics. Modern power @fenics devices are controlled with
micro controllers which make it possible to implerhalso protection and grid control
features into distributed generation units. Thisnigtivated by the fact that protection
relays dedicated to e.g. islanding detection apelsive in comparison to price of a
small distributed generation unit.

Islanding is a situation in which a section of disited network becomes discon-
nected from the main power system as a resultwf ta some planned event. If this
section comprises generation it is a concern atgdbr both humans and equipment.
The biggest concern for personnel is the risk ofvgrosystem remaining energized
while there is an assumption that the system id deany protection failing because of
distributed generation feeding the network. For @osystem equipment islanding may
result in various kinds of over voltages and ovarents leading to damage the equip-
ment. Intentional islanding also offers a posaipiid increase power quality by feeding
some section of the power system which could nofeldeotherwise due to fault or
planned power break. Control methods for a modewmep inverter offer various possi-
bilities to monitor and affect electrical quantitiehich can be used to detect islanding
of the power system.

Islanding detection methods can be categorizeddbyoa local — and remote tech-
niques. Remote techniques are based on commumacatithe distributed generation
and power system. This thesis concentrates on tecahiques which can be further
divided into passive —, active — and hybrid techei

Passive islanding detection operates on the mdasuedectrical quantities at the
point where the distributed generation unit is @uoiaed to the network. From these
guantities different variables such as voltage fraduency are monitored in order to
detect islanding situations. The shortcoming ofspeesislanding detection methods is
that they are not very effective. Positive sidga$sive methods is that they do not af-
fect power quality. Currently passive methods saglfrequency and voltage monitoring
are most referred in standardization and most us@dl power generation. Also more
sophisticated passive methods such as voltage amt®l-, harmonic content - and



phase monitoring have been developed in order de@se the sensitivity of passive
methods.

Active islanding detection methods operate on thecpple of introducing disturb-
ances on some electrical derivative and monitothey effect of those disturbances.
Some active methods are referred to as very effettut the shortcoming is that they
affect power quality negatively. Many active meth@te mathematically complex and
require vast amount of computing capacity, thuslughing their implementation in
regular inverter control unit without additive dess. In some countries grid codes re-
strict using of some active methods directly. EigGermany an impedance measure-
ment based method is required for micro produdiionin Great Britain this method is
forbidden. Grid codes introduce restrictions inngsof active detection methods also
indirectly in power quality requirements.

Hybrid techniques are combinations of passive artiveamethods with the objec-
tive to combine good qualities of both. I.e. uneféel power quality during normal op-
eration and effective islanding detection.

As islanding is a quite new issue for inverter nfanturers and distributed genera-
tion operators, also standardization for testingslainding detection methods and regu-
lations concerning islanding has been done vergnthcor is still ongoing. In this the-
sis designing and building of a test setup forndiag, as well as testing of islanding
and anti-islanding method based on reactive powasation is conducted. Principles for
test environment and procedure are adapted fror [E37.1 but also European stand-
ardization is referred. Objective is to gather infation on islanding and on usability
and performance of the anti-islanding method atb#glalslanding test setup is build
with 12A inverters and a parallel RLC load is imuced as a stabilizing element in the
islanded system. Testing is done with matched FA@nba within the island and with
load inductance diverged in one percent steps nvdhiange of +/-5%. Results are in-
vestigated from the perspective of frequency aritages of the islanded system and
behavior of the grid interface inverter is outlined

This thesis constitutes of literature survey inpthes two and three and applied sec-
tion in chapter four. In chapter two the phenomeabislanding and risks and benefits
related to islanding are studied. Also principldsirverter control methods are dis-
cussed. In chapter three passive, active and hiddaidding detection methods and their
applicability are investigated. Chapter four focusa practical side of islanding phe-
nomenon in designing of the test setup, regulatam standardization concerning is-
landing and actual testing of islanding and inggdton of test results is carried out.
Chapter five handles summary and conclusions ah@hg and islanding detection as
well as discusses the future interests in testimdevelopment of islanding functionali-

ty.



2 ISLANDING AND A FULL POWER CON-
VERTER

Islanding is a situation in which a minor part bétpower system is operating inde-
pendently of the rest of the power system. Thidue to distributed generation units
remaining operational when connection to the maidh ig lost. DG stands for distribut-
ed generation which consists of small power urstsnected to distribution branches of
the network ranging from 0 to 5SMW in power. Thisapker focuses on effects of a full
power converter grid interfaced DG on power sysg&m control principles of the grid
interface.

Islanding relates to issues concerning safety, danb@ equipment connected to the
network and power quality issues. Thus, formatibaro unintentional island is a con-
cern for utility companies. [1] Intentional islandi can also be used to improve power
quality. [2, p. 1; 4]

2.1  Effects of islanding and DG on power grid

Improving reliability and availability of electritgi networks is gaining more attention
year by year. Intentional islanding of networks hasn suggested to be one of the solu-
tions to achieve tightening power quality requira@tse DG units can be used to restore
power supply to the loads during a grid failurethe upstream network and also as a
part of power restoration arrangements by backumections. These measures will
reduce the outage time of customers in the islapdedof the network as well as num-
ber of customers suffering from outage. [2, p. tférding to study conducted in [2] by
placing DG units in distribution network it is pdds to improve network reliability
figures. In [3], [4], [5], [6], [7] and [8] the edicts of introducing DG into distribution
network are discussed. Positive impacts are cadlgstem support benefits” which con-
sist of voltage support and loss reduction, reledsgansmission capacity and defer-
ments of grid investments [3, p. 1].

2.1.1 Reliability

Problems related to reliable power supply are eélab faults occurring in network
components. Since distribution networks are tradélly operated radially it follows
that a fault in single network component is dueanse outage to a large number of
customers. Correctly placed DG units may help giore power supply to customers
before repairing of the fault can be done. Thusjtpe effects of DG units on reliabil-
ity are strongly dependent on placement of thesuft p. 1, 4]



2 Islanding and a full power converter 4

Network reliability can be analyzed numerically tmeans reliability figures which
relate to fault frequencies and outage times oh#tevork. In [2] used reliability figures
are SAIDI and SAIFI which stand for system averagerruption duration index and
system average interruption frequency durationxndespectively. In order to improve
network reliability improving SAIDI and SAIFI thebecomes the main concern but it
has to be noted that it is always a technical-ecoca optimizing task. Also, economi-
cal benefits increase when failure frequency artdgmicosts of the distribution network
increase. [2, pp. 1-2]

When comparing influences of intended islanding &maditional methods of im-
proving distribution network reliability such asdkaup connections it is found that in-
tended islanding performs well both technically @ednomically. In [2] it is suggested
that solutions can be found in which DG compardtebé¢o e.g. building new back-up
connections, replacing old back-up connections VB and replacing low loaded
branch, such as a summer cottage, with a DG unit.

2.1.2 Voltage regulation

Traditionally voltage regulation is based on ragialver flows from the substation to
the loads by use of tapping of transformers andcéwd capacitors. DG makes tradi-
tional approaches impractical by introducing newvgoflow directions. For example a
DG unit placed downstream near a load-tap-changamgformer will cause the voltage
regulator to tap down the voltage as it recognadyg power flowing through the trans-
former. At the end of the distribution branch timay cause voltage to drop out of ac-
cepted range. [3, p. 2-4] Introduction of DG isoadspable of producing voltage regula-
tion related over voltages into distribution netkorhis may happen for example when
DG unit is connected near the end of the distrdvubranch and is feeding large amount
of power upstream the network. In this situatioitage near the DG unit may rise over
acceptable limits. It is important to take voltaggulation issues under consideration
when planning implementation of DG. [4, pp. 3-5]

2.1.3 Abnormal over voltages

In addition to voltage regulation related problermtsch occur during normal operation
there is potential other issues to be considerdid G such as ground fault over volt-
ages and resonant over voltages which both spaityficelate to islanding of a power
system. Ground faults can generate over voltagesdistribution network when one
phase of a three-phase four-wire system is fawtigtie neutral. Once this is happened
the substation circuit breaker will open and DG aéra feeding the system. This results
in that both unfaulted phases will be subjecteddttages as high as 191 percent of
nominal if the system is operating with 10 peraarér voltage in prior to fault as equa-
tion (1), whereU,, and U,y yom Stand for during fault and nominal phase voltages,

shows. Uph = \/§ Uph Nom ° 1,1= 191 Uthom (1)
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Voltages this high present themselves mainly afjpening of the substation breaker
since the grounding voltages will be held down bgugding bank effect of substation
transformer prior to islanding of the system. I} [dis suggested to use effective
grounding of substation transformer, ground fawiérgoltage protection and transfer
trip relaying of the DG unit as a solution to grdufault over voltages. [4, pp. 1-3]

2.1.4 Resonant over voltages

Islanding of a DG system affects also the impedsintehe system and thus introduces
a possibility for resonant over voltages. This tgbever voltages can represent them-
selves under faulted or unfaulted operating comatitiand severity of them depends on
damping of the system. Damping factor of the system relation to loads connected to
the network and thus biggest over voltages occdeuhght loading conditions. [4, pp.
3-4]

Another type of resonant overvoltage with a syst@wontaining DG is
ferroresonance. It is an interaction between noeai magnetizing reactance of trans-
former and system capacitance. Ferroresonance @aaytd over voltages as high as 3
to 4 per unit. It is mainly an issue with ungroudd®G interfaces but may present itself
to some extend with all grid interfaces. In ordar ferroresonance to occur the system
must be operating in islanded mode, there has smbaversupply of power, island has
to have sufficient capacitance and a transform@gng@s a non-linear reactance. [4, pp.
3-4]

2.1.5 Voltage Flicker

Voltage flicker is visible variation in lighting &mls of the network caused by sudden
changes in voltage level [5, p. 1]. Distributed g@etion may cause voltage flicker on
feeders where it is present. Flicker is relateddionection events, i.e. starting and stop-
ping of DG units, and step changes in DG outputhWiind — and solar energy fluctua-
tions in power level are common as power level geanwith primary energy source
intensity. It is calculated that a one meter changeind-speed results in 20% fluctua-
tions in power level when operating near rated powdso tower shadow effect and
bandwidth limitations of pitch system can causek#r. With a three bladed turbine the
output power can be seen to drop three times petuion due to tower shadow effect.
In pitch-controlled turbines limitations in bandwhdof the pitch mechanism cause fluc-
tuations in power level especially when operatimamrated power because of over
speed situations. [5, pp. 2-5]

Calculation of a single turbine flicker emissiorragher complicated and an analyti-
cal method for determining short term flicker framset of arbitrarily chosen voltage
disturbances doesn’t exist. It is recommended iB-68400-21 that flicker emission
from a single turbine should be determined by mesasants. Measurements should be
based on voltage and current because measurenasdd bnly on voltage could be
disturbed by the background flicker in the grid. p55]
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2.1.6 Losses

Introduction of DG will always have an impact orsdes of a distribution network. A
DG unit with a full power converter operated gndeirface can also compensate reac-
tive power within a distribution branch. It hast®e taken into account when designing a
power converter to have more current capacity th@minal real power of the primary
energy source of the unit. This is to maintain tégg to inject reactive current also
when operating with nominal real power. A DG unithwa 10-20% output capacity of
the feeder demand can have a significant effeatedacing losses. On the other hand
large DG units such as wind turbines will almostals require reinforcements of the
distribution network or a separate connection &rttain grid. [3, pp. 3-4]

2.1.7 Harmonics

Harmonics produced by a modern full power conveatera consequence of switching
events of IGBTs. IGBT is an abbreviation from igetikgate bipolar transistor which is
an electronic component used in most modern poleetrenics applications related to
DG. Harmonic current components are not desired power system since they con-
sume current capacity and cause heating and odantpaf the equipment. THD or

total harmonic distortion is calculated with eqaat(2).

n 2
h=2Uh

. @

In (2) U, is the root-mean-square, or RMS-value, of the &mmeintal voltage component
andU, is the RMS-value of thbth harmonic. According to IEEE standardizationtfirs
50 harmonics are used when calculating THD. Siraxenbnic content clusters around
switching frequency it is evident that increasihg tswitching frequency causes the
harmonic content to be of a higher order. With blasnped switching methods harmon-
ic content clusters around half of the switchinggfrency in addition to switching fre-
guency. When comparing different switching methad$ss noted in [6] that bus-
clamped switching schemes produce significanthhé@rgamount of harmonic content
than conventional sinusoidal pulse width modulatjénpp. 3-5]

THD =

2.1.8 Automatic reclosing

A common problem related to distribution networkshwDG is failing of automatic

reclosing. When a safety relay of a feeder det@dtault and executes an automatic re-
closing operation in order to clear the fault ar@ Onit remains operational during dead
time of the feeder it is likely to remain feedirapft current into the fault and thus cause
the reclosing to fail. This may happen with shartwat faults but especially it is prob-

lematic with ground faults since ground fault cateeare small and DG unit might not
provide a ground current source. In addition tbrfgiof the reclosing it is a safety issue
when a feeder remains energized during dead tinteeofeclosing which can present
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itself as dangerous voltages to ground. This makaghly important to disconnect DG
unit from the grid during dead time of the automagéclosing. [7; 8, pp 1-2]

In most cases re-coordination of the protectiordede be considered when DG is
installed into grid. For example dead time of awtim reclosing might have to be
lengthened or with some relays reclosing can bekield if the downstream grid is ener-
gized. Reclosing of the feeder may also cause dart@®G unit if it is connected to
grid during recovery voltage. In case of grid carted rotating machines out-of-phase
reclosure is highly potential to cause damage tegeor equipment but full power
converter operated DG unit typically is capablewdtecting itself during out-of-phase
reclosing. [8, p. 2]

2.2  Control principles of a full power converter

In a conventional power system synchronized geoesare responsible for voltage and
frequency control of the grid. Within micro gridss common that generation units are
not synchronous generators but grid interface asized with a power electronic con-
verter. Commonly this is due to characteristicstt@ primary energy source and to
achieve better efficiency. Therefore, control methof grid interface inverters are cru-
cially important when planning islanded operatiéa @ower system. [9, p. 1]

When grid is connected DG units are operating ind®@rol mode. l.e. units are
controlling their real - and reactive power accogdio given set point whereas output
voltage and frequency are determined by the grideiswitched to island mode opera-
tion unit needs to control its output voltage aretjfiency whereas power is determined
by consumption present within the island. Thisagermred to as U-f control mode, or
inverter operating as a voltage source. Thus,dbimes evident that switching between
these control schemes is vital for a DG unit toaenoperational during transition from
grid connected operation to islanded operationvarel versa. [9, p. 3] This thesis con-
centrates on a single converter operation butnbiged in [9] that introduction of more
parallel units presents a similar but more comppegblem of switching control
schemes.

2.2.1 Modulation strategies

Modulation strategies are methods for controllitajess of the power electronic switch-
es. Most power electronic applications utilize sWwitmode of the switches since this
minimizes the commutation losses of the switchesrwdompared to operation in linear
region. [10]

In figure 2.1 principle of the topology of a gridtérface inverter is presented. Six-
step modulation is an early modulation techniquedotrol three-phase inverter which
uses a sequence of six switching patterns to genarall cycle of three phase voltages.
The inverter has eight states defined by stateselgnen or off, of six switches. All
three inverter legs have two switches as in fige In addition to six active stages
inverter has two passive stages in which all thweer or upper switches of the legs are
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on. Today six-step modulation is very unlikely te bsed in new designs because of
very high harmonic content of the output voltagéibis often used to illustrate a three-
phase inverter operation simply. Inductances airtherter output filter the output cur-
rent to be sinusoidal. [10]

N / 7 G
T TIT

Figure 2.1. Basic topology of a six-switch grid interface irtee. [11, p. 307]

2.2.2 Pulse width modulation

In most modern power electronics devices pulsehwmbdulation, or PWM, is adapted
as a method for control. The basic idea behind P#niques is that the load sees an
average value of voltage which is formed by switgh& constant dc voltage on and off
with varying duty cycle. With utilization of highwstching frequency and suitable LC
filtering the output current of the inverter does follow individual switching events
and it is sinusoidal. [10]

There are several different methods for genergimgodic rectangular waveforms
with varying duty cycle from which one of the mastapted is the carrier-based PWM
technique. In carrier based PWM technique a cosigylal is compared with triangular
waveform. Control signal is the fundamental wavefaf desired inverter output volt-
age and triangular wave has the frequency defimeth@ switching frequency of the
inverter. Switching frequency is determined on &axdi heat absorption capabilities of
switches, efficiency and desired harmonic confé:®q

2.2.3 Space-vector modulation

Modern pulse width modulation strategies today @aked space-vector pulse width
modulation, SVPWM, respectively. Compared to cotieeral PWM strategies it offers
improved dc voltage utilization and less commutatmsses. [11, p. 119]



2 Islanding and a full power converter 9

The core idea of vector transformation from cooatisu, (t), u, (t) andu,(t) to
coordinatesiy (t), u,(t) andu,(t) is presented in [10]. It is based on equationsa()

(&)
(4) wherea = e’\5 /.

ug =2 [, (8) + auy (6) + a?u, ()] (3)

V= bl(wj)ud + bz(wj)uq + b3(wj)u0 4)
Equation (3) states that a three-phase systemedefiyu,, u,, andu, can be represent-
ed by a rotating vectar; in complex plane. (4) is a representation showirag a base
in a vector space consists of a system of ve®&¢bs, b,, b;) that is unique representa-

tion of any membeV of that vector space as a linear combination ators from B.
The operation of transforming three-phase systemm anunique vector followed by a
transformation from orthogonal coordinates in qu2Si coordinates is called
Park/Clarke transform for three-phase systems.k€lagmnsform states that any vector
in the complex plane can be expressed with twoogdhal coordinates/(, Ug) and a
homopolar coordinatel) as in equation (5). Park transform transformsehisvo co-
ordinates ¢, B) through a vector rotation with the rotationalguency of the electrical
system. Park transform, presented in (6), is natessary for the presentation of
SVPWM algorithms but it is most often used in pssienal discourse. These two trans-
forms may also be expressed together and they daweverse which allows transfor-
mation back to phase measures. [11, pp.116-117]

_1r 1

U, 2 2 U,
Ul=1lo 2 L=y, (5)
Ul |22 1| Uz

-2 2 2
U] [ cos@ sinf@ 0 Ug
Ugl = |-sin® cos6 0f=|Ug (6)
| L o o 1 |u,

The advantage of vectorial methods and operatirdygnframe is that they provide
high performance current control and the possybititcontrol active and reactive power
references separately. To develop a mathematicdehior a grid interface inverter
presented in figure 2.1 phase voltages can beatkfis in equation (7).

dijg

€aq0 = Ryiyq + Ly dt + Vqo
_ . dllb
epo = Ryiyp + Ly — =+ Upo (7)

eco = Rylyc + Lr? *+ Veo
With vectorial methods discussed in last paragraphbt voltages can be transformed
into synchronous reference frame which yields tgegign (8).

. di ,
eq = Rpig + vy + er—?— wL,ig

. di .
eq = Ryig + v, + er—;’ — wl,ig (8)
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In (8) grid current is decomposed into two compasérom whichi, stands for active
current and, stands for reactive current. Withcurrent reference the power factor of
the converter can be controlled. Current referéocg, is usually provided by the dc
voltage controller when inverter is in normal, godnnected, operation. [11, pp. 308-
309]

2.2.4 PQ inverter control

An inverter connected to the main grid and opegaitnPQ control injects real power to
grid as it is available at its dc input. Amountreéctive power is determined on basis of
locally or centrally predetermined set point. Deteration of current references is illus-
trated in figure 2.2. [9, p. 3]

==

0 PLL
reference angle

-

e by ~|>
¢ [i ’Iq-rad =0 "
Current —i_bq Compensation BUWM Power

volt limit

i
transform . | Pl | transform siage
o—{FT] Ui
Ugeret I Load I

Figure 2.2. Basic control structure for inverter active — arghctive currents in PQ
control mode. [11, p. 309]

yyy

Control of active current is based on dc voltagellerror which is the difference
between actual dc voltage and preset value of Hag® U, andUg._,.r respectively.
DC voltage controller is of Pl-type and providesaative current reference as an out-
put. DC voltage controller is also referred to ageoloop of the current controller. By
use ofi, current reference and measured value of activeeisyrmodulation index is
determined. Modulation index determines the voltagehe inverter output and thus
controls the active current flowing into or frometlyrid. Modulation index is deter-
mined by active current controller, or inner lodpagtive current controller, which is
also of Pl-type. [9, p.3; 12, pp. 4-7]

Reactive current control is realized also with aypke controller. Reactive current
control relates closely to phase synchronizatiothefgrid interface inverter. Synchro-
nization to phase voltages can be achieved witkghacked loop, i.e. PLL, structure or
by utilization of Pl and PD type controllers. PL& & servo system which consists of
phase detector, low-pass filter and voltage coletlobscillator. Basic PLL structure is
presented in figure 2.3. Basic idea behind thecsire is that it will cause one signal to
track another one, thus in case of a power convignéll keep the output frequency of
the inverter synchronized with the grid in frequems well as in phase. It is shown in
[13] that signal of the voltage oscillator is inagirature with input signal when the fre-
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guency difference between grid and power invertgpat becomes zero. Reactive pow-
er fed or taken from grid is controlled with current reference. [12, p. 10; 13, pp. 1-2]

X i Phase vg Low-pass vc Voltage-controlied X Iv]
— detector BEm— ﬁltelr F—— oscillator -
K, Fis) K,

Figure 2.3. A Basic structure of a phase-locked loop systés\. p .2]
2.2.5 U-finverter control

Controlling inverter as a voltage source is basecdmulating a synchronous machine
by implementing frequency versus active power droog@racteristics which is illustrat-
ed in figure 2.4.

X Standard droop

£ control

p \Q M
s — AR
& 5 power
s - control
[

B Feal power

Figure 2.4. Basic idea of droop characteristics in U-f invert®ntrol. [14, p. 3]

Angular output frequency of the inverter can becglated as presented in equation

9).
W= wy—kp-:P 9)

In (9) P stands for active output power of the invertgr,is the droop slope and, is
the idle value of angular frequency of the invedetput at no load conditions. [9, p. 3]
With a grid connected inverter the output frequecyletermined by the grid. In a
standalone power system frequency of the islardeisrmined by the load, i.e. as in
figure 2.4 frequency; corresponds to active powgy. After reaching the maximum
power provided by the primary energy source, syseitches into constant power con-
trol acting on the phase shift between inverterdamental voltage and the voltage
measured from the point of common coupling, or P@ag returns to follow droop
characteristics when frequengyis exceeded by some given factor. [14, p. 3] \Whik
kind of localized control U-f is able to react tistdrbances, mainly load changes, based
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on information at its terminals and the operatismot dependent on communication
between the DG units or centralized control sys{@m. 4]

Controlling voltage amplitude at voltage sourceeiigr output also resembles that
of a synchronous machine. Output voltage can beulzded as stated in equation (10).

V="Vy—kq-Q (10)

In (10) Q stands for reactive power output of the inverkgyjs the droop slope and
is the idle value of voltage at the inverter outpuho load conditions. The basic behav-
ior of voltage versus reactive power drooping mikir to that of frequency versus ac-
tive power presented in figure 2.4. [14, p. 3]

2.2.6  Switching between PQ — and U-f control modes

It is most likely that a transient will occur wharDG unit switches from grid connected
PQ control mode into islanded U-f control mode. sTl due to the fact that if the
amount of generated power before grid failure dugsmatch the loading of the island-
ed system, DG unit will find a new operation poamicording to frequency drooping
characteristics. If the connected load is too latge inverter operates in maximum
power control mode which forces the output voltégelide with respect to the refer-
ence which can be used as an indicative signatfedding less important loads. Also,
if the maximum output current of the inverter istrog high demand of reactive current
and inverter operates in maximum current contrelftindamental of the output voltage
is limited. This results in under voltage withirettsland which also can be used for load
shedding. [14, p.4]

When the main grid is to be connected again widniged system it can be done by
simply closing the connection between them. Thigassible due to absence of inertia
within inverters which will cause them to rapidlglagpt the frequency of the grid and
synchronize by means of power frequency droopib, p.4]
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3 ISLANDING DETECTION METHODS

Islanding detection is required from any DG unitdnese of the risks related to opera-
tional island [1]. Islanding detection methods t@ncategorized broadly in local — and
remote methods. In principle the difference is tiegmhote methods detect the islanding
on the utility side, and local methods detect idiag on the DG side of the grid. Classi-
fying of islanding detection is illustrated in figu3.1.

Islanding Detection

v v
Remote Technique Local Technique
|
] L] L4
Passive Technique Active Technique Hybrid Technique

Figure 3.1. Classification of islanding detection methods. [(52]

Moreover, local islanding detection, in which tthesis is concentrating, can be divided
into passive -, active — and hybrid islanding diébecmethods. [15, p.1] Behavior of an
islanded power system is highly dependent on thestcaction of that system. E.g. a
power system consisting synchronous machines bshdifferent to a power system
operated by power electronics. In this thesis ntaincentration is in islanding of DG
units operated by full power inverters. Since possstem is subject to many kinds of
transitions and disturbances an islanding detectiethod should not react to these sit-
uations [16, p. 2].

3.1 Non detection zone

Non detection zone, NDZ, is used as a performamexi for islanding detection meth-
ods. A non detection zone is illustrated in fig@r2. A non detection zone is presented
in AP, AQ-plane and it illustrates the power — and reagbieeer mismatch within an
island which is insufficient for islanding detectioThe goal for any islanding detection
method is to reduce non detection zone to zerq.418 In [17] it is recommended for
distributed resources that a non-islanding investeruld cease to energize the utility in
two seconds or less with all active-reactive pobe&ances. Effectiveness of an island-
ing detection method is dependent also on the atessaimount of reactive power pro-
duced and consummated in the power system. THiegause reactive elements of a
power system increase the probability to maintdieqaiate frequency after
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AQ A

NDZ

\j

AP

Figure 3.2. A Non detection zone #P, 4Q-plane [16, p.2]

islanding. Reactive power conditions within a powgstem can be referred to with
quality factor,Qs. Q¢ relates active and reactive power of a power aystkso with cor-
rected power factors. When power factor is usualigerved at one point of a power
system and derives from phase difference betwed#ngeand current); takes into
account also compensated reactive power withinaedistribution branchQ; is defined
so that reactive power stored in the syster@sisimes the active power consumed in
resistances of that system. [18, p. 3]

3.2  Passive islanding detection

Passive islanding detection is based on measurenseich as voltage, frequency or
harmonic content at DG PCC. Detection of an islagdiituation is based on preset val-
ues of these electrical quantities being exceeDedcriptive for passive islanding de-
tection methods is that they do not affect the gnd thus, do not affect power quality
of the DG and tend to have relatively large NDZ%, [p.2]

3.2.1 Over/under voltage and over/under frequency

Islanding detection based on behavior of voltagéfeeguency is founded on the power
and reactive power mismatch between the generationloading of the islanded sys-
tem. Power balances for e.g. within a distributioanch can be expressed as in (10) and
(11).

Pgria = Proaa — Ppe (10)

Qgria = Qroaa — Upe (11)
Behavior of the islanded system after the gridiss@hnected depends on power — and
reactive power balance within the islari®},.;; and Q.4 respectively. Active power
balance of a system consisting of inverter oper&€dis directly proportional to the
amplitude of voltage as in equation (12).

, / P
Ulg = ﬁ * Ugrid (12)
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In (12) U4 stands for voltage before islanding alifq,; stands for voltage after is-
landing. It can be seen that if there is more gaimr than loading within the island the
voltage will increase and vice versa.

In addition to voltage amplitude, reactive powelabae is related to frequency of
the islanded system as stated in equation (13).

QILoad = Qpg = (ﬁ - w,C) : U,IZSI (13)
Angular frequency of the islanded system can beei@ifrom (13) yielding to (14).

2

4

_Q';G.’_ QLG +—

cu! 2 cu’ 2 LC
Isl Isl

w = > (14)

It can be seen from equations (12) and (14) thatlemthe amount of active or reactive
power delivered from the main grid initially is, afier the resulting change in ampli-
tude of voltage and frequency of the system willBbecause of normal voltage and fre-
guency variations in the grid the threshold linfiis islanding detection has to be set
relatively loose which results in large NDZs ofstlislanding detection method. Gener-
ally islanding detection based on voltage and feegy windows is considered insuffi-
cient to be used independently when there is ailpbgsthat active — and reactive

power production and consumption within that sectd power system could be of a

same magnitude. [16, p. 2]

3.2.2 Voltage harmonic monitoring

Monitoring of voltage harmonics can be used asstanding detection method. The
basic idea behind this method is to detect changémrmonic content of the power
system. It is possible to consider THD or only loweder harmonics, e.g™35" and
7" harmonic. Voltage harmonic monitoring is not cdesed a reliable islanding detec-
tion method since it is very difficult to find theleolds for detection of islanding situa-
tion. NDZ of this method depends strongly on tharahteristics of loading within the
island. l.e. reactive loading such as transformelisintroduce low-pass characteristics
which affect the harmonic content observed at teACC. [16, p. 2]

It is possible to use a PLL structure for voltagenhonic monitoring. When voltage
vector is synchronized to the rotatidg-frame it is possible to estimate frequency and
amplitude of the voltage. To extract amplitude &eduency of the voltage exactly it is
recommended in [16] to use a first order Buttertvdifter. To be able to monitor dif-
ferent harmonics a harmonic synchronization PLLdse® be implemented. A PI con-
troller is used to provide the fundamental freqyeot the given harmonic and'q’-
frame synchronized to the given harmonic frequescgpplied. The amplitude of the
given harmonic is obtained from the calculatiorVgfandV;,’ components. Usually no
harmonics higher tharf®35" and 7' order need to be considered in islanding detection
[16, p. 4]
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3.2.3 Voltage unbalance monitoring

In islanding situation the DG unit has to take aairéhe islanded loads which will often
result in voltage unbalance. Voltage unbalancebeacalculated as in equation (15).

Uyg = _Neg (15)

In (15) Uy.y andUp,s stand for negative — and positive sequence vatag®G PCC.
Voltage unbalance monitoring can be used togetligr woltage harmonic monitoring.
Voltage unbalance of three phase voltages and THid® phase is calculated at prede-
termined sampling interval and then compared witeghold limit to determine island-
ing situation. Thresholds for this method are diffi to set and it will fail for high val-
ues of quality factoQ. [19, p. 2]

3.2.4 Phase monitoring

Monitoring phase angle between inverter termindtiage and output current for a sud-
den change can be used as an islanding detectitmodnelhough, it has to be noted
that when PLL structure for grid synchronizationingplemented in the inverter it is
able to follow the grid so that voltage and curreiit always be in phase and thus is-
landing cannot be detected. [16, p. 2]

Phase monitoring, i.e. monitoring the voltage veemogle in relation to g-axis is
able to detect islanding also with PLL applicatioAfier every fundamental cycle, the
angle between voltage vector and g-axis is stoneddlc@empared with the value during
previous fundamental cycle. In other words, thengeain the slope of the voltage angle
when plotted in angle-time frame can be detectéfitcBveness of phase monitoring
method is strongly dependant on the reactive el&neithin the power system since
the change in voltage vector angle depends orotiteresonant frequency. If the load is
resonating at the fundamental frequency no shiftaliage vector angle is detected.
Performance and NDZ of the method is similar td tifeover/under frequency method
and thus insufficient to be used as a primary dilagndetection method. [16, p. 3]

3.2.5 Rate of change of frequency

Rather than monitoring the absolute value of fregyethe rate of change of frequency,
or ROCOF, is more sensitive as an islanding detectechnique. This technique is
more suitable for power systems where there istsgmous generator supplying the
island in parallel to inverter. In this case theetiholds for ROCOF are determined on
basis of generator swing equation (16) which detemthe rate of change of frequen-
cy.

5 T (16

In (16) f stands for power system frequency @®lis the change in output power dur-
ing time stepit. H is the inertia constant of the generator &igl,, the rated generating
capacity. In figure 3.3 it is illustrated how thedshold of ROCOF is exceeded with a
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negative change in frequency. From figure 3.3 &l seen how the under frequency
protection would fail to detect the islanding sttaa. [20, p. 2-3]

It is noted in [20] and [21] that there is problemsh ROCOF in case of system
disturbances which may result in false detectiod annecessary tripping of the DG
unit. To overcome this, a method called comparisbrate of change of frequency, or
COROCOF is suggested in [21]. This technique isethasn comparing the rates of
changes in frequency between all interconnected QOBF relays. In case of a system
disturbance the frequency is normally affectedhia whole power system and CORO
COF relays send a blocking signal to each othewtid nuisance tripping. In case of an
islanding the relay will not receive this signaldathus is permitted to trip if ROCOF
threshold is exceeded. [21, pp. 1-2]

\ \¢—— Threshold
Measured

3
H

? r-
Islanding t

Figure 3.3. ROCOF exceeding negative threshold. [20, p. 3]

3.2.6 Rate of change of frequency over power

Monitoring the rate of change of frequency over pn\% respectively, is a method

developed in order to defeat the short comings afitoring directly voltage amplitude
and/or frequency. Also, rate of change of frequeaegr power has been studied to
yield to better results in islanding detection tlapplications monitoring only rate of
change of frequency or rate of change of powerpresent the idea a synchronous ma-
chines operating DG containing distribution braichvhich the power balance can be
expressed as in equation (10) is considered. Wineristribution branch is operating
independently from the main network their frequereysus power characteristics can
be expressed as in equations (17) and (18).

dfGri
Garid = gpore: 17)
Gpp = “lbe (18)

dPpp
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In (17) and (18P, andPpp are active power mismatches of the main network an
distribution branch and;,;,; andfpp represent frequencies of the systems. It is eviden
that G is inversely proportional to the generating cafyaof the power system which
results in that;,;; will be significantly smaller thaG . If the distribution branch is
connected to the main network, the chaRgg in power transformed from main net-
work to the distribution branch for a load cham@g_;,.q Within the distribution
branch, can be expressed as in (19) and (20).

dPpp __ dPch  dPch-Load
dfpg ~ dfpp dfpg (19)
dPgrig _ _ dPch
dfgria  dfcria (20)
Also, with interconnected systems frequencies bdetthe same as in equation (21).
dfgria = dfpp (21)
With (20) and (21), (19) can be expressed as in (22
dPpp _ _ APGrid _ AP ch—Load
dfps  AfGrid dfpp (22)

By substituting (17) and (18) into (22) it is pddsito calculate rate of change of fre-
guency over power as seen from DG terminal whetriloligion branch and main net-
work are considered as two interconnected netwdithis. yields to equation (23).
dfpp _ _ ~GgriaGps (23)
APch-road  GGriatGpB
In a situation where distribution branch is opeadat@dependently from the main net-

work the rate of change of frequency over powerafgiven load change can be calcu-
lated as in (18). From (18) and (23) it can be dbah equal changes in active power
will result in significantly different figures undelifferent scenarios, i.e. grid connected
and islanded operation yielding to an index to $edufor islanding detection. [22, p. 2]

It is crucial to be aware of the effects of loa@iotes in order to find thresholds for
islanding detection. From DG terminal the resthaf power system can be viewed as an
equivalent voltage sourdér, which is connected to DG through an impedakReejX.
When the voltage at the DG unit terminal is noted/g; the voltage differencdU
betweenUr, andUp; and powelP,, transferred between these voltage sources can be
expressed as in equations (24) and (25).

AU = R(PpG—PLoad) +X(Qpc—QLoad) (24)
Upg

PTr = X(PDG_PLoadl)J"Z'R(QDG_QLoad) (25)
DG

It is seen that variation df, will result in variation ofUpg amplitude and frequency
which in case of a synchronous generator leadsclmaage in power fed into network
from the DG unit. From this it can be conducted th@tage amplitude and frequency
are influenced mutually and depending on the reaftctive power balance the varia-
tion of the system frequency will result in loacholge. [22, p. 3]

It should be noted that a DG unit with full powemeerter grid interface will act
differently than a synchronous machine. l.e. vane in amplitude and frequency of
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the voltage at DG terminal will not naturally irite a change in reactive — or active
power output of the unit.

3.3  Active islanding detection

The difference in principal between active and pasislanding detection is that active
methods introduce perturbations such as injectagtive current into the grid in order
to detect islanding situation. Moreover, active moelis can be divided into two main
categories, transient methods and steady-stateodsetfransient methods generate a
transient current into power grid and measure ésponse of the grid, namely voltage
and current before and after the transient inject®teady state methods inject a known
and usually periodic disturbance to the grid frofmck analyses are derived for steady
state situation. Active methods are developed geoto overcome shortcomings of
passive methods such as large NDZs. Downside tsattive methods may affect the
power quality negatively. Also, some active methads very complex and thus diffi-
cult to be implemented into inverter control systesnich an implementation is also
difficult to test and verify as well as separate thnctionality from other features of the
inverter. [1; 23, p. 1; 24, p. 2]

3.3.1 Detection of impedance by harmonic injection

By injecting a current harmonic with a specificduency into PCC of a DG unit it is
possible to detect the equivalent impedance ofgtite A monitoring PLL is designed
to detect variations in voltage at the frequencyhef current injected by the inverter.
Various methods for determining grid equivalent @dance by harmonic injection are
presented in literature from which some requireicktdd measuring and calculation
equipment. This section focuses on one present¢2dinwhich is stated to be imple-
mentable into a DG inverter. [23; 24; 25]

Choosing of frequency of the injected harmonic wo-Barmonic current depends
on the calculation methodology used. By using guesmcy close to fundamental the
impedance at the injected frequency can be asstorieslclose to that at the fundamen-
tal frequency. [23, p. 2] In [25] a frequency teémds the fundamental is used and the
grid equivalent impedance is determined by mearimeér interpolation. Choosing of
the frequency should be done avoiding resonantiéecy of the grid and with respect
to the interaction with resonance of the curremt@ler. [25, p. 3]

Major challenge in impedance detection by harmamjection is to measure cur-
rent-voltage response when the system is enerdiaaded and the DG unit is supply-
ing active power to the grid. If using system clgggstic harmonic frequency it has to
be taken into account when determining impedangsteg characteristic frequency
depends on the used inverter topology. For a disepuverter characteristic harmonics
can be calculated as=n- 6*1, wheren = 1,2,3 ... andh is the running number of a
harmonic. Frequency of the given harmoniatis multiple of the fundamental frequen-
cy. Use of characteristic frequency leads to amadyzhe grid as a complex model
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which has to be divided into individual frequendanes containing both the back-
ground distortion of the grid and harmonic distamtigenerated by the consumers. One
solution to this is to measure background distartio prior to current injection which
then can be subtracted from measurements. This@olmakes a hypothesis that back-
ground distortion does not change between the memsuts. It is evident that using
system characteristic harmonics requires a lotrotgssing power and memory and
thus will be difficult to implement in a DG invertd24, p. 2]

Principle of the method presented in [24] is teea@tjnon-characteristic harmonic
current into the grid with DG inverter. The currenjection is done by adding a har-
monic voltage to the voltage reference of the iterelResulting voltage and current are
measured with sensors already resident in the tewéor normal operation purposes.
Measured quantities are processed by means ofdfamalysis for the used frequency
which results in currentl,, and voltagelJ;, at the injected frequency as in equation
(26). Obtained voltage and current can be diviged real — and imaginary parts as in
equation (27) from which the complex impedancehatgiven frequency can be calcu-
lated as in equation (28).

Ip

U-eJev :
Zh:,,:qu,:Zh'e](pZ (27)
Zh . ej(pZ = RG +j(1)hLG (28)

In above equationg; stands for grid equivalent impedance consistingaiivalent
resistancer; and inductancé;. U andl stand for voltage and current, respectively,
for complex angle in radians ang, for angular frequency of the given harmonic. § th
impedance is assumed to be linear equation (29pearsed to obtain the grid equiva-
lent impedance at the fundamental frequency.

Zs = Rg + jwrLg (29)
Choosing the length of time which the harmonic dtign is applied, how often it is
done and amplitude of the injected harmonic isialifft and empirical data should be
used to determine parameters for acceptable operdtihas to bear in mind also that
injecting harmonic content into grid effectivelyaleases the power quality at PCC. [24,
p.3]

After the DG inverter injects harmonic current &hd response is measured with
voltage and current sensors the discrete Fouaestorm, DFT, is used to obtain volt-
age and current amplitude and phase at the gieguéncy. Equation (30) is used by
DFT to calculate coefficients for the Fourier serid voltage and current harmonic.

Ay = TN x(n) - cos () = jENZd x(m) - sin (B) (30
In (30) N stands for samples in fundamental period a@0) is voltage or current quan-
tity at givenn. A, represents the complex Fourier vector of itteharmonic of voltage

or current. In figure 3.4 a vector approach to gialtng real — and imaginary parts of

the impedance is illustrated. It is noted in [2d&tt this kind of approach consumes
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much DSP resources and thus, should be avoidee@ttérlsolution from DSP point of
view is so called running-sum approach which issiitated in figure 3.5 [24, pp. 3-4]

| Cos harmonic n-samples vector |

Realpart |

AD Sampling Input n-samples vector

v
imaginary part ]

| Sin harmonic n-samples vector |

Figure 3.4 A Vector approach to determining impedance on bafssampled complex
vector. [24, p. 3]

Running )’ |«
—>| Realpart |
AD Sampling
Imaginary part |
Running ) |«

Figure 3.5 A Running-sum approach to determining impedancleasis of a sampled
complex vector. [24, p. 4]

Simulation and experimental testing of describedhe is carried out in [24]. It is
concluded that inaccuracy of the estimation of idgmee after introduction of three
seconds moving average filter to eliminate randomrs and sampling flickering is less
than 10%. Current injection is done at 75Hz intéis@rid to be able to justify the line-
arity assumption of impedance. Amplitude of 1,5A tiee injected current is chosen as
a compromise between accuracy and to avoid inergaBHD. 1,5A is 11,5% of the
13A nominal current of the inverter resulting ir8¥,or 0,8% harmonic voltage com-
ponent at 75Hz. Because of this the effect of tjection on THD is evident. However,
effect on other harmonic content than that of 7&Hzegligible. Also selection of repe-
tition rate, i.e. how frequently the injection isreé has to be done carefully. It is an op-
timization problem between the performance of idiag detection and THD. A Repeti-
tion rate of 1/14 is considered optimal in [24] elnimeans that a period of 75Hz cur-
rent is injected once every fourteenth fundamepggiod. This results in internal delay
of 280ms for islanding detection with 50Hz fundama¢ifrequency but the actual delay
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of islanding detection depends also on the usedngawerage filter and time used for
calculating the grid equivalent impedance.

Islanding detection with harmonic injection is bésen the voltage response de-
pendency on grid equivalent impedance, i.e. thaticel of voltage and current. To be
able to conclude islanding from this a predeterchilm@it for the change in grid equiva-
lent impedance to be interpreted as islanding basetset. Effectiveness of actual is-
landing detection is not considered in [24] busistated that inaccuracy of 10% in im-
pedance estimation is acceptable in EN 50330-1.4@42-7] Limitations of this meth-
od relate to accuracy of a DG inverter's voltageasugement and the possibility that
linearity assumption of impedance is not justifiédso the threshold for the efficient
islanding detection without nuisance tripping miglet difficult to obtain especially in
weaker grids, i.e. grids with greater equivalenpéaance, or in grids where impedance
changes occur naturally because of changes ircgritiguration.

3.3.2 Active power variation

In islanding condition the response of the gri¢hanges in active power is more sensi-
tive than during grid connected operation. Actiesvpr variations when operating in an
island with inverter grid interfaced DG units affefirectly the voltage at the point of

common coupling. When the power system involveslsgonous machines with gover-

nor and excitation control active power variatioasult in variations of frequency. De-

pendence of active power produced by the DG urdt thns consumed by the island

loading can be expressed as in equation (34) wkidkrived through (31)-(33).

U3 U?
PDG:PLoad:3%:% (31)
Uy, = \/RPDG (32)
86 _ p UL _ 5 ¥RPpc _ 5 /Pﬁ (33)
4 R R R
_ APpg L
AUy, =28 |5 (34)

In equations (31)-(34F,; stands for generation amiy,,, for active power consumed
in the resistance R within the islarigs;, andU;; stand for phase-to-ground and phase-
to-phase voltages at PCC. By varying the outputgravf the DG unit it is possible to
carry the voltage amplitude out of the range ofnmadroperation in order to cause the
over/under voltage detection to trip. [23, p. 2}ike power variation is a simple but not
very effective method for islanding detection. Eagcording to equation (34) in an is-
land constituting 1kW of three-phase active powedpction with 400V main voltage,
the additive production to achieve 110%, 440V, atage would be 200W. l.e. 20%
increase in production results in 10% increaseoitage. Traditionally there is no re-
serve in the production rate of DG for this asitdependent on the intensity of the pri-
mary energy source. Reducing the produced poweltdnwmaipossible but it would have
to be done rather frequently and fast in orderetect islanding in adequate time. This
would possibly result in transients and flickeridgring normal operation of the DG
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unit depending on its size and grid configuratidlso, a dip in voltage could be inter-

preted as a grid fault rather than islanding with Gnits equipped with FRT functional-

ity. If the rate of change in active power is slowtevould reduce the produced energy
which is not desired and islanding detection wdaddslow.

3.3.3 Sandia voltage shift

Sandia voltage shift, or SVS, is based on amplifygchanges in grid voltage amplitude
by introducing a positive feedback from voltage &tage to inverter output current.
Voltage fluctuations are determined on basis ded#ince between filtered average am-
plitude and cycle by cycle measurement of the geltamplitude. In case of islanding
the voltage amplitude should be carried out ofgéemitted operating window causing
over — or under voltage protection to trip. [262fA] Threshold for detection of island-
ing with SVS has to be done case by case sinceegponse in voltage amplitude to
current is dependent on the grid configuration.oAlwhen it is possible that grid con-
figuration changes, e.g. a backup connection isl ilseorder to secure continuity of
supply a different threshold needs to be used. Wdreh is connected the effect of
changes in current amplitude on voltage amplitdtsukl remain under the threshold.
Slight drawback in power quality and inverter afiecy can be considered as weak-
nesses of SVS. Usually SVS is implemented togetiiter Sandia frequency shift when
they combine a very effective islanding detecticetimd. [19, p. 4]

3.3.4 Reactive power variation

Similarly to that between voltage and active powbe, dependence of frequency and
reactive power can be used to detect islandingtsitus. Simplest solution is to monitor
the difference between frequengyof voltage at the PCC and nominal frequerigy
This difference is amplified by gaiky to provide reference for additional reactive pow-
erdQ@ as in equation (35).

dQ = Ke(fu = ) (35)
Thus, positive feedback is exploited to cause ithguency to drift out of the acceptable
range and under/over frequency protection to {@@8, p. 3] It is noted that the direct
dependence of frequency and reactive power isamlein power systems fed solely by
inverters. If there are also synchronous machingstaining frequency and participat-
ing in voltage control, changes in system reagbe@er resulting in changes of voltage
level will be compensated by the machine’s exatattontrol and reactive power bal-
ance is maintained without influencing the frequenc

3.3.5 Active frequency drift

Active frequency drift, AFD, operates with the wawen of the inverter output current.
A dead time during which the inverter output cutrisnzero is set before grid voltage
zero crossing as in figure 3.6 is illustrated. mnislanding situation the voltage frequen-
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cy at PCC will start to follow the current frequgnand force it to drift up or down
causing under/over frequency protection to trip.

Because the reference for the output current aheerter with AFD method con-
tains the dead time it follows that there is a phstsift between the fundamental com-
ponent of the inverter output current and grid agét as in figure 3.6 is illustrated. The
dead time is related to phase shift with a chopfiagtioncf as in equation (36) from
which the equation describing dead time in figur@ i8 derived. [23, p. 2] Relation of
angular frequency of the grid voltage fundamental and output currfemdamental
component’s equivalent angular frequengys expressed in (37). [27, p. 2]

0a=L" (36)
,
W= (37)
iV AFD Waveforms

Gridvoltage fundamental

Inverter currentreference

Output currentfundamental

Figure 3.6 Current waveforms in active frequency drift. [272p

Considering the voltage phase at PCC as a refetBacautput current of an invert-
er without AFD perturbation can be expressed asgjuation (38).

irer (t) = V2Igys sin(wt) (38)
In (38) Izys is the RMS value of current anlzy,s can be expressed as a maximum
value of current,,,,. With the distortion introduced by AFD the invertirrent refer-
ence becomes discontinuous and can be expresgsedasation (39).

sinle’ (£ =" nm nro,m
lmaxSIH[w (t w)] wStSw-I_wV (39)

(n+)m
1)

lref—AFD(t) - E+l <t<
w w/!
In (38)n is an integer 1, 2, 3... Equation of the fundameataput current of the in-
verter (40) with AFD perturbation is similar to (3&ut with a phase shift,;.
i1 (1) = ipax sin(wt + @4) (40)
Drawbacks of AFD are an increase in THD and the tlaat a constant phase dif-
ference between voltage and current will affecttiga power control. This will ex-
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clude AFD form applications where unity power faatontrol or grid voltage support is
required. Effectiveness of AFD is an optimizatiaoolgem between NDZ and undesira-
ble effects.

3.3.6  Active frequency drift with pulsating choppin g fraction

AFD method has been developed further to increaseepquality and effectiveness of
islanding detection. In [28] an AFD method with gating chopping fraction, AFDPCF,
is introduced. Pulsation of chopping fraction isistrated in figure 3.7 and chopping
fraction for AFDPCEF is expressed in equation (41).

Cfmax if ch—max
cf = Cfmin if ch—min (41)
0 otherwise

In (41) maximum and minimum for chopping fractiat,,,, andcf,;,, respectively,
and their on-times are stated.

3
C.erTI‘dX T~
Cf mn [T TTTTTTTT
Iy o
j;,’ Hax_on 2 o min_on

Figure 3.7. Chopping fraction is pulsating between minimum arakimum values.
T s o5y Stands for time thatf remains zero during one pulsation cycle. [28,]p. 3

Pulsation of chopping fraction between positive aredjative values will make the
phase shift introduced in equation (36) also attexrbetween positive and negative.
This makes the inverter output current fundamecwahponent lead or lag the voltage
fundamental with respective period.

Since there is a direct relation between choppiagtion and total harmonic distor-
tion the determination aff should be done according to THD. According to dtadi-
zation [29] it is stated that current THD shall less than 5%. Requirements in other
standards are similar. The relation betwegrand THD is illustrated in figure 3.8. It
can be seen that in order to maintain acceptabl [Bidel the minimum value farf is
-0,045 and maximum value is 0,046. This will resulTHD level remaining under 5%.
It is noted that witkef value zero, i.e. AFD method inactive, THD is 0,89Pkis is un-
reachable with MW-class converters since the THBndunormal operation is at a lev-
el of 3-4%. Higher THD during normal operation withit the absolute value of chop-
ping factor to be smaller than that suggested [28].
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of=-0.045
THD=4.92%

cf=0.046
THDI=4.88%

0 THDI=0.89%

010 005 000 005 o010 015
Chopping fraction
Figure 3.8. The relation between chopping fraction and curitetdl harmonic distor-
tion.[28, p. 3]

It is shown mathematically in [28] that AFDPCF eto detect islanding situation
in maximum of 1,4s within PCC grid conditions susgtgel in [29] and only PQ-
controlled inverters connected within the island@c@pted grid conditions at PCC are
stated to be within voltage rang88% < Uy,m < 110% and frequency range
59,3Hz < fyom < 60,5Hz for DG units under 30kW. [27, pp. 3-4] Voltage dine-
guency limits for acceptable grid conditions valigtdly in different countries but are
comparable with the ones stated in [29] which agplior distributed generation in
USA.

3.3.7 Active frequency drift with positive feedback

An AFD method using positive feedback, AFDPF, affenprovement over AFD by
increasing the deviation of frequency. Implemeptatof positive feedback results in
smaller NDZ of islanding detection and thus, matkesdetection more effective. This
method is also referred to as Sandia frequencyt shifSFS. Chopping fraction for
AFDPF is expressed in equation (42).

cfy = cfi—1 + F(wg-1 — wi) (42)
In (42) cf,_; andwy_, are chopping fraction and angular frequency duprgvious
voltage cycle. F is a function of sampled frequerayr. In [30] a linear function is
used but it is noted that many other choices assipke. In addition to adding sensitivi-
ty to AFD, AFDPF has an advantage in that if thegérency of the islanded system
starts initially decreasing the frequency errordmes negative. This results in that the
output frequency of the inverter will reinforceghrend rather than counteracting to it
as would be possible with AFD. It is also noted3@] that AFDPF has potential to per-
form satisfactorily with multiple inverters connedtin the islanded system. This is be-
cause AFDPF will amplify any deviation in frequente it, introduced by another in-
verter. [30, pp. 5-6] It is possible that duringnge system disturbances not leading to
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islanding AFDPF has a possibility to amplify thestdrbance by affecting the reactive
power balance and thus, excitation control of symebus machines leading in worst
case to power system instability.

3.3.8 Slip mode frequency shift

Slip mode frequency shift, or SMS, is also refertedas slide mode frequency shift.
SMS is based on making the phase of the invertgrubeurrent deviate from the volt-
age phase at PCC as a function of frequency dfrequency error is the difference
between nominal and actual frequency of the grithge. This principle will work as a
positive feedback which in case of an islandindg puish the grid frequency out of the
limits of acceptable conditions for operation. [Bp, 1-2] The difference between AFD
methods and SMS is in that AFD methods introdudead time in inverter output cur-
rent affecting the frequency of an islanded systard SMS modifies directly the in-
verter output current starting angle. With both moels the islanding is prevented by
under/over frequency protection. [32, p. 1]

When the grid is connected the output current efitiverter can be expressed as in
equation (43).

i = sin(2mft + Ogys) (43)

In (43) f stands for frequency of voltage at PCC &g} is the phase angle for SMS
method.6Os,,s is a sinusoidal function of the frequency erroiragquation (44) and is
plotted in figure 3.9.

. f—fNom
BOsms = Omax Sin (EL) (44)

2 fMax_fNom
In (44) 6,4, 1S the maximum phase angle in radians Apgd is the frequency at which

Onmax OCCUrS.Fy,n, is the nominal — anfl the actual frequency at the PCC. [33, p. 2]

SMS Starting angle and load phase angle
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Figure 3.9 Additive phase angl€s,,s for inverter output current in SMS method pre-
sented with red and phase anglg, . of a passive RLC load in whigh= 10,L =
15,6mH and C = 740uF presented in blue. [32, p. 2]
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In [32] it is shown mathematically that there idoad condition at which SMS
method will maintain stable operation also durisigmding. Phase angle for a parallel
RLC load is determined as in equation (45) andigdbin figure 3.9.

@QrLc = —tan~! (R (anC — ZT%L)) (45)

In (45) R, L andC represent resistive, inductive and capacitive camepts of the load
andf stands for system frequency. Phase angle of avpdssad is the angle between
voltage and current. This phase angle also sews/@sstarting angle of the inverter out-
put current with SMS. From this value the startamgle of the inverter current will start
drifting away as a function of its frequency. letbhanging rate @ exceeds that of the
starting angle, a stable operation point in whioh islanding will not be detected, ex-
ists. Thus, the non-detection problem of SMS mettiedves from the fact that load
phase angle is frequency dependent. [32, p. 2]

3.3.9 Automatic phase shift

To overcome problems with SMS method’s stable dpeyaoints a method called au-
tomatic phase shift, or APS, has been suggesti@&P]nThe basic idea is to change the
starting angle of inverter output current while fregquency remains nominal and intro-
duce an additional phase shift which is appliedeotite steady state frequency is
reached. Starting angle kfth inverter output current cycle with APS can beressed
as a linear function of voltage frequency and cleaimgstarting angle during previous
cycle as in (46).

1 fr_1~fNom .
Oaps) = — == 360° + Opdd(k) (46)

a  fNom
In (46) a is a scaling factor. The additional phase shi#gf; is applied on basis of the

change in steady state frequergy; and expressed in equation (47).

Badd) = Oaddx-1) + A6 (47)
In (47) AB is a coefficient whose sign is determined on basithe change in system
steady frequency as in equation (48). [32, pp. 2-3]

positive, Af, o >0
sign(AB) = A6 =0, Afgs =0 (48)
negative, Afo <0

It is seen tha®,qq) bECOMeEs nonzero when the grid frequency diffemsfnom-
inal and a phase shift between output current aitdwpltage is always present when
the grid frequency differs from nominal, also dgrimormal operation. This is the short-
coming of APS method and effectively excludes ainfrapplications in which the DG
unit should be able to take part in grid voltagatoa or maintain unity power factor. In
[32] a stable operating point is defined as that\riation in period of the voltage is
smaller than 0,2ms for ten cycles. 30Hz grid this results in frequency variation of
*0,5Hz during 200ms. This high accuracy might be diffictd achieve with normal
inverter controller and measuring equipment. Aftés concluded that steady state fre-
quency has changed, step change3,ipy ., provided byA6 will in an islanding situa-
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tion guarantee that the frequency keeps deviatitidy wpper or lower frequency limit is
reached and inverter tripped. [32, pp. 3-5] In [B3$ noted that determining every sta-
ble operation point might prove to be difficult afidding suitableA© is problematic
due to achieving small enough phase shift duringnab operation and on the other
hand introducing large enough phase shift to guaeaprevention of islanding situation.
[33, p. 2]

3.3.10 Adaptive logic phase shift

Adaptive logic phase shift, or ALPS, is further dmpment of SMS and APS algo-
rithms to add robustness and sensitivity and toedse effects of islanding detection on
power quality during normal operation. In contasfAPS using grid nominal frequency
when calculating starting angle for inverter cuty&LPS uses measured average volt-
age frequency at PCC.

The difference in periods between inverter outputent, i.e. the average of previ-
ousN /2 voltage periods, and last period of voltage iduse reference value for invert-
er output current starting angle and can be expdeas in (49)T represents the length
of a voltage period and average for the periodttefig, is defined as in (50).

Taven/2)~Teke

OaLps(y = T " — (I¥(2:_1)(k . (49)
1 ke :

Ty, = 2351 T (50)

During nextN periods the relationship between phase #hjfts and its influence on
the next period is evaluated. In islanding conditibis likely that if©4;pg iS greater
than zero, i.e. voltage period has shortened, @éleonext period for voltage will be
shorter thaify,, and vice versa. In [34] this is referred to asphabability of cause and
effect. The probability of cause and effect reldtesphase shift and the next period and
is defined as in (51) or (52).

if OaLps > 0
{then AT =Ty, — T(k) >0 (51)
if eALpS <0
{then AT =T, —T(k) <0 (52)

The probability of cause and effect is used asnaicator to introduce an additional
phase shift as in (47) when a predetermined thidslsoexceeded. Additional phase
shift is added t®,; ps While T4, remains at its previous value and islanding iv¢me
ed when frequency is carried to trip limit. Wherd#éidnal phase shif®,44 IS nonzero
voltage period average value is monitored for evgfy series. If the difference be-
tween two consecutivl /2 averages is small for two consecutive times optiedabil-
ity of cause and effect is below the threshélgyq is set to zero anfl,, calculation is
initiated again. In [34] simulations and testingloé proposed method is carried out and
it is stated that ALPS is very effective islandohgtection method with minimal increase
in THD during normal operation. [34, pp. 2-4] Alsbdoes not affect reactive power
control.
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3.4 Hybrid islanding detection

Hybrid islanding detection methods are combinatiohgassive and active islanding
detection techniques. Hybrid methods are develap&dder to combine advantages of
active and passive methods such as unaffected pguegity during normal operation

and small NDZ. In literature there are multiple gestions for parameters which would
best suit for monitoring and modulation in islarglohetection applications.

3.4.1 Voltage unbalance and frequency set point

In [35] a hybrid method combining monitoring of taxje unbalance and varying fre-
guency set point is proposed. Method is designe@®® units operating with synchro-
nous generators but is stated to be implementabte far non-synchronous DG in
microgrids with low penetration of DG. Idea is t@mitor voltage unbalance and espe-
cially spikes in it. Voltage unbalance here is takmtionship of voltage positive — and
negative sequences. Threshold for maximum alloyédesn voltage unbalance is sug-
gested to be 35 times the average unbalance dorawipus one second. These are em-
pirically chosen values. After the threshold is eeaed the frequency set point is low-
ered gradually, e.g. 1Hz during one second. Aftemging the frequency set point the
voltage frequency at PCC is monitored for e.g. 4e6onds and if there is a large
enough change it is conducted that islanding haaroed. If there is none or negligible
change in voltage frequency the frequency set psimthanged back to nominal and
operation is continued. [35, pp. 2-3]

It is noted to be an advantage of this techniqa¢ tte impact on power quality is
small. This is due to the facts that during norpy@ration there is not any disturbances
introduced to the grid and it is noted that in cadisturbances such as load switching
only the DG units connected to the same distrilbubcanch with the load are reacting
to the situation by lowering their frequency seinpastead of all the DG units trying to
destabilize the grid at the same time. Also, tachhique permits the autonomous oper-
ation of DG unit after islanding detection. [35,5).Drawbacks of this technique relate
to difficulties of finding suitable thresholds flanding detection and not to cause nui-
sance tripping. Also a situation in which thereaisransient in frequency but voltage
levels remain within acceptable limits would go etetted.

3.4.2 Covariance of current and voltage periods and adaptive reactive
power shift

In [36] a method combining the covariance betweemmanded current period and
PCC voltage period and reactive power variatiamsisd as an islanding detection index.
The relationship between the peridd®f inverter output current and PCC voltage can
be defined as in (53) where subscriptandc stand for voltage and current apds the
phase angle between current and voltage.

T, = 22. T, (53)

21
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When inverter is in grid connected operation thisreegligible correlation between
commanded current period and measured voltage dodnocase of an islanding this
relationship comes nearly linear as the voltaggueacy will follow the commanded
current frequency. To avoid false detections causedoise in the measured voltage
period a moving average filter of four voltage ®&sls used as the commanded current
period. Noise in the measured voltage period cameaesed by natural deviations in
system frequency or unideality in measuring thegast Covariance. i.e. how the peri-
ods of current and voltage depend on each otlpesented in equation (54).

Cov(Tay, Ty) = E[(Tay(n) — Uyy) - (Ty(n) — Uy)] (54)
In (54) u,, andu, stand for the mean of average of previous foutaga periods and
voltage periodT,, andT,, respectively. E stands for expectation value, [§6 2-3]

After the covariance index exceeds its threshoddattive method to be applied is
adaptive reactive power shift, or ARPS. This meti®th principle similar to ALPS
technique referred in chapter 3.3.10. The diffegeiscthat ARPS shifts the d-axis cur-
rent instead of current phase. The shift of d-auisent is expressed in equation (55).

. Tav—Ty(k

lag = KdT)() (55)
In (55) K, is a gain which is suggested to be chosen sodtaais current variation is
less than one percent of g-axis current in gricheated operation. Determining bdih
and threshold for covariance index is to be dorsetd@n empirical data. The shift in d-
axis current is applied according to same princggeadditional phase shift in ALPS.
The probability of cause and effect is monitored arhen the threshold is exceeded
iz (k) is applied to accelerate the phase shift actiaditgy to rapid change in system
frequency and causing the under/over frequencyeptioin to trip. When combining the
covariance index monitoring and ARPS it is suggk#te[36] to keep the ARPS tech-
nique active 8 cycles as long as the covariancexinsl greater than preset threshold.
[36, pp. 4-6]

3.4.3 Grid impedance estimation

In [37] an algorithm for estimating grid impedanaed equivalent voltage source is
presented. The algorithm is based on three phasentuand voltage measurements
which are transferred intdq synchronous reference frame. The frame is syncedn
with the frequency of the grid provided by PLL. TVatage and current measurements
after balancing and noise removal are the inputadgfor the estimation algorithm. l.e.
the negative sequence of voltage is removed froennteasurements to comply with
symmetrical grid model and noise is filtered o8%,[p. 2]

For description of the estimation process a thiease inverter delivering active
power P and consuming reactive power Q with instantanepbsse voltages
v,, Vp and v, and phase currentg, i, and i, is considered. In a steady state operation
the operation point can be described as in equéieh

V=1-Z+E (56)
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In (56)V represents phase voltages amdpresents phase currents measured at ECC.
stands for equivalent voltage source a@nfibr complex line impedanc¥,, |, E € C and
are presented imqg synchronous reference framé.e C and is expressed in (57).
Z = Req + jwLeq = Reqg + jXeq (57)
In [37] capacitance is decided to leave out froenghid model because long distribution
lines situated in rural areas are associated withlyninductive and resistive behavior.
It is stated that capacitance gains more importamgesidential areas but e.g. power
factor compensation is not referred. Principle lgrang of measurement points in dif-
ferent operation points is illustrated in figur&.30peration point is determined by the
P, Q combination of the inverter.

3rd operation paint .-

Re{V}

Znd operation point

1st operation point

Figure 3.3. Principle of estimating impedance with linear regg®n.[37, p. 3]

With n different measurement points a set of linear egnat(58) can be build.

VO = IO . ZO + EO
Vl = 11 * Zl + E1 (58)
Vit = L1 Zyi +Eq

When grid is stationary it can be quite accurasdgumed thak, = E, = E,,_; and
Zy,=Z,=1Z,_,. (58) can be expressed in matrix form (59) whBree C**', A €
C™?2 andX € C*1,

B=A-X (59)
The structure oX, the parameter vectds, andA is presented in (60).
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Vo I, 1
B = V:1 A= 1:1 12:(5) (60)
. . . 0
Vn—l In—l 1

Determination of impedance is a linear regressiablem in complex field as present-
ed in figure 3.3. The algorithm produces measurérpeimts which cluster around an
operation point. Deviation of measurements is adlsenoise and small variations in
operation point. In order to form estimation ofdygquivalent impedance and voltage
source the algorithm needs measurement pointsdtdeast two operation points. [37]

If an estimated parameter vector= (Z EO)T € C¥! is assumed the matrix expres-

sion in (61) can be written.

B=A-X-Q (61)
In (61) Q € C™! is a vector for error between estimated voltagaeevaalculated from
the product betweeA andX and actual measured output voltage. Best-fit ier pa-
rameter vectoX can be found by minimizing error function. Errenttion minimiza-
tion process is described in detail in [38]. Isi®wn in [38] that the optimal parameter
vector will be as described in (62).

X=(AT-A)"1(AT-B) (62)
However, development of (62) is an offline procedand is not valid for the purposes
of this algorithm. To transform (62) into recursifgorithm a set of matrices from (63)
and (64) leading to (65) are considered.

P, = ([A"][A]l)7T (63)
I,

¢= (") (64)

Dyi1 = P4y C (65)

It can be demonstrated that (66) gives a straightdrd way of estimating grid equiva-
lent voltage source and impedance. [38, pp. 2-4]

Z Z
(E ) = (E ) + Dit1 * Qi1 (66)
0/ k+1 07k

The effectiveness and accuracy of this algorithmstiaightly proportional to the
Euclidian distance separating the operation paimtghich the measurements are taken.
In [37] an evaluation subsystem is presented. Tre @ea is to monitor a windowed
error variabldy presented in equation (67).

Py ~ n2
1 ken  Vi-hiZi—Ei
2k i=k—-n I (67)

The estimation process begins in idle state dwihigh the system samples measure
ments in zero current operation point. After theater starts producing active and
reactive power to the grid the algorithm will hathe minimum of two operation points
to start the estimation process. This, the reguperation, state will remain as long as
the error variable remains below predeterminedstiokl. After the error variable ex-
ceeds its threshold the algorithm will reset arattstampling a new operation point.
Resetting is done to speed up the algorithm’s cgaree towards new grid equivalent

Fk ==
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parameters. To gather measurements from two rebaperation points the system then
moves to a grid perturbation state until the ewvamiable falls below the threshold. This
gives this algorithm its hybrid nature as an islagddetection method. The algorithm
can be operated without the windowed error varialle grid perturbation state but this
will affect significantly the accuracy especiallythivhigh power applications. After the
condition with error variable is fulfilled, new was for grid equivalent voltage source
and impedance will be considered valid and theylmcompared with predetermined
thresholds for islanding detection. Finding theesinold for grid equivalent impedance
and voltage source from which islanding is conctude error variable value at which
the algorithm moves into grid perturbation state ttabe done carefully. Different grid
conditions in which the inverter can operate havbd determined. Possibly the thresh-
olds for islanding detection have to be dependarthe grid configuration to minimize
the possibility of false detection. [37, p. 5]

3.5 Applicability of islanding detection methods

Applicability into different kinds of DG and effageness of presented methods is dis-
cussed in this chapter.

Passive islanding detection methods are based oitariag voltage or current at
inverter terminal or PCC. Passive detection is ncostmon method of islanding pre-
vention and minimum requirement for any DG unitaditionally high power applica-
tions are equipped with external protection rel@ksng care also of islanding protec-
tion but implementation of passive methods into BGather easy and does not con-
sume much computing resources. Simplest passigadsig detection method is the
use of frequency and voltage windows. Relationalfage and active power and that of
frequency and reactive power is straight forwareémwft comes to power systems con-
sisting only inverter operated generation. Whenehs synchronous machines con-
nected within the system the relation is more caraptd and is mainly determined by
excitation and governor control of the machinesa Bystem where there is a possibility
that generation and production within an islandestesn is closely matched, frequency
and voltage windows are not considered sufficienidlanding detection.

Voltage harmonic, voltage unbalance and phase oramit methods can in some
cases be effective indicators for islanding budepends strongly on the configuration
of the islanded power system and finding threshéddgeliable detection is difficult.
Inverter —, especially high power, applicationsateeharmonic distortion themselves
which can make conclusions based on THD difficoilbbtain. Effectiveness of voltage
unbalance and phase monitoring is solely deperatefdading of the islanded system.
If the islanded grid is symmetrical and reactivavpois balanced islanding detection
will fail.

Rate of change of frequency and rate of changeegtiency over power are mostly
suitable for power systems where islanded systdinrwaddition to inverters contain
also synchronous machines. However, they are niifesttige of the presented passive
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methods and don’t require additional measuring @mtsume little computational ca-
pacity. Thus, they would be easy and cost effedtivenplement into an inverter unit.
The passive nature of these methods, however tsaauhat these methods do have an
NDZ and the possibility of nuisance tripping be@uo$e.g. load changes is apparent.

Various impedance estimation methods has been staghgom which two active
islanding detection methods, characteristic and-ct@racteristic harmonic injection,
are considered in this thesis. Characteristic harmimjection consumes lot of compu-
ting capacity and thus, is difficult to be implenesh into a DG inverter. Non-
characteristic harmonic injection doesn’t requieerauch processing power but still
there is a need for DFT calculation. All harmonigection effectively decreases the
power quality of the DG unit by increasing THD. Hewver, non-characteristic harmon-
ic injection has yielded to quite accurate resuitémpedance estimation and reliable
islanding detection in tests conducted in [24]. Kggbility on weaker grids, in grids
where impedance changes occur naturally and th&lplity that linearity assumption
of the impedance is not valid are weak points & thethod.

Active — and reactive power variation methods’ efifeeness depends on the grid
configuration, i.e. if there are synchronous maekinontrolling voltage level and fre-
guency within the power system. Active power vaoiaimethods are not very effective
because variation needed to carry the voltage foataeptable range is quite substantial
and results in e.g. flickering. Islanding detectlmased solely on voltage level is very
difficult because of wide voltage ranges DGs arplired to operate in. Sandia voltage
shift also uses active power variation to inflitiaages in voltage amplitude by varia-
tion in current amplitude and tries to overcomebpems with wide voltage range by
monitoring the response in voltage rather than labsdevel of it. However, SVS is not
considered very effective to be used alone. Reagiwer variation with positive feed-
back from frequency error with only inverter ba€e@ supplying the islanded power
system has a relatively small NDZ but when therayischronous machines present
maintaining frequency and capable of sinking omdyipg the reactive power produced
by the inverter the islanding detection is mordiclt. This method also has a natural
NDZ, if there is no frequency error to start wighanding cannot be detected. However,
reactive power variation has a small effect dumogmal operation and it easy to im-
plement in inverter control.

Different variations of active frequency drift mets are based on introducing a
dead time in inverter output current resulting mage shift between the fundamental
component of the output current and grid voltagectviwill in an islanding situation
carry the frequency to a trip limit. All of the AFBhethods introduce an increase in
THD level and they are not suited for applicatiomsvhich unity power factor control
or grid voltage support is required. This excludesm from most DG applications.
However, AFD methods can be very effective in idiag detection.

Slip mode frequency shift and automatic phase shétbased on deviation of the
inverter output current starting angle on basisrefuency error. Intention is to carry
the system frequency to trip limit when islandingcors. As AFD also these methods
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introduce a phase shift between inverter curredtgmd voltage during normal opera-
tion and thus are not suited for most DG applicegtioTo overcome these problems a
method called adaptive logic phase shift which usessured frequency rather than
nominal frequency when calculating frequency eisodeveloped. ALPS minimizes
effects of islanding detection functionality duringrmal operation, it does not require
much computing resources and is rather easy taeimgt into a DG inverter.

Hybrid islanding detection methods are most suitdbt modern power quality re-
quirements and they offer effective islanding daetec Various hybrid methods have
been developed from which three are introducechis thesis. Most suitable one for
DG inverter implementation is covariance of currant voltage periods and adaptive
reactive power shift. Voltage unbalance monitoti@ged frequency set point variation
is not very effective since the probability thattage unbalance is not high enough dur-
ing islanding is rather high. Grid impedance estiamamight be effective but calcula-
tions required are rather heavy and it requiretecagcurate measurements to be effec-
tive. Covariance of voltage and current periodssdoet require heavy calculations if
accurate enough measurements are available angha@sse method it does not have
an effect on any inverter functionality during n@noperation. ARPS to be applied
when islanding is suspected also doesn’t haveidraects on power system even if
the suspected islanding is not true. Downsides RP& are the same as with reactive
power shift, if there are synchronous machines taaiimg frequency and voltage reac-
tive power injection does not have an effect oneypsfrequency.

Many of the proposed islanding detection methodsire too much computing re-
sources when implementation into a DG invertertissaue. Also, requirements for
measuring accuracy are in many cases out of theesobregular equipment within a
DG inverter. Islanding detection is always a compse between detection effective-
ness and power quality.
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4 ISLANDING TESTING

In this chapter the principles of islanding testargl regulations for distributed genera-
tions considering islanding are studied. Islandmdested with and without the anti-
islanding function. Testing is based on principtgesented in IEEE 1547.1 [17] but
also European standardization is referred. Testitgout anti-islanding function is
done to gather information on the behavior of th&Acontrol in islanding situation but
also to be able to compare the results with andowit anti-islanding functionality. This
is important since currently there is no anti-isliauwg functionality implemented in ex-
isting products.

4.1  Anti-islanding function

Islanding detection technique under testing is thasepositive feedback from frequen-
cy error to reactive current control which is reder to in chapter 3.3.4. Continuation of
operation in islanded mode is difficult with thigthod since it will force the frequency
out of permissible range for operation. Therefdrie tmethod can be referred to as an
anti-islanding — rather than islanding detectiorthrod. Figure 4.1 presents the basic
principle of anti-islanding and reactive currenintollers. Effect of reactive current
injection depends on the grid configuration of islanded system. If there are synchro-
nous machines controlling frequency, reactive cureffects voltage levels of the sys-
tem and if there are only inverters reactive cureffects system frequency.

Reactive + Reactive
current Current |—» Frequency
reference - Controller reference
Reactive
current
Nominal -
K
frequency D
Actual
frequency
Figure 4.1 Principle of the structure of tested anti-islanglinand reactive current con-
trollers.

Anti-islanding controller is a P-type controller wh operates in parallel with reactive
current controller. In Figure 4.1 the lower contbodnch which operates on the differ-
ence of grid nominal frequency and actual frequeatcthe converter terminal, i.e. fre-
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guency error, is the anti-islanding controller. féhis also available a gain parameter for
the positive feedback loop of the anti-islandingtecoller presented by K. Reactive cur-
rent controller consists of PI controller and PDutcoller which provides the frequency
reference by derivation of the output of Pl conéol Frequency reference is fed to
modulator. Both controllers operate on same priasigvhether in islanding situation or
not. The anti-islanding feature is enabled by sgt# bit in firmware interface which is
done with a parameter in application software. [#2,9-10]

4.2  Grid regulations concerning islanding

Islanding in general is an old concern but forriistted generation operators and in-
verter manufacturers it is rather new issue and gegulations concerning them has
been developed quite recently. In addition to mgsbtf islanding detection, regulations
for e.g. permissible frequency and voltage ranga lan effect on islanding detection
efficiency. Frequency range is especially importaith anti-islanding methods operat-
ing on system frequency since it is proportiondriggping time of the DG unit.

Frequency range for a grid connected production sightly varies around the
world. From islanding point of view it is the wideseferred frequency range which
should be considered since that will determinelithés for DG unit tripping in case of
over — or under frequency. Within Scandinavia fesggy range has been 47,5-53,0Hz
and in ENTSO-E pilot code Nordic suggestion is 4@r5-52,5Hz. In ENTSO-E pilot
code for continental Europe frequency range is witfe5-53Hz. There have been dis-
cussions especially in Germany on how strict fregydimits for solar inverters may
cause problems in power system disturbances wisemed deviation in frequency leads
to a large portion of production to disconnect arake the situation more critical. Cur-
rent regulations for wind turbines in Germany statdrequency window of 47,5-
51,5Hz. There are slight deviations within Europeagulations but the target is to uni-
form European regulations with ENTSO-E. In unit¢atess permitted frequency range
for DG smaller than 30kW is 59,3-60,5Hz and for\ab80kW units 57,0-60,5Hz. [64,
p. 35; 29, p. 9] Chinese requirements for wind faymerating frequency are not stating
unambiguous limits at which the inverter shoulg,tthus currently excluding islanding
detection based on frequency. However, Chinesela@vent in grid regulations is
often following Europe and in the future it is likehat considerations for islanding will
be included in regulations. [39, p. 36]

For permissible operation ranges of voltage also fgwult situations affect the is-
landing detection. ENTSO-E pilot code Nordic stgbesmissible voltage range from
90% to 110% of nominal voltage and ENTSO-E pilaledor continental Europe from
80% to 115%. Current regulations in Europe aredmshese limits. In USA operation
inside 88%-110% range is permitted. When considestanding detection it should be
noted that requirements for fault ride through ¢dlgees require DG units to stay grid
connected for short times even with zero grid \g#tarhis functionality introduces sig-
nificant delays into islanding detection or everlages voltage level monitoring as an
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islanding detection method. Also, fault ride thrbugnctionality might have an effect
on frequency based islanding detection since passible that the grid inverter will
freeze its frequency during very low impedanceti&atd a pre-fault value. [40, p. 38;
29, p. 8]

All grid codes do not consider requirements foansling very precisely. In Europe
the basic requirement for islanding detection igratection relay for under — or over
frequency and under — or over voltage. German @tk requires also grid impedance
measurement for units rated under 30kW. Grid impedaneasurement is forbidden in
UK but a ROCOF-based protection is required. ENTES@ses not have requirements
for islanding prevention but it is mentioned thad& unit should be able to stay grid
connected in an island constituting a suitable arhaf production and consumption.
Usually issues related to islanding are dealt witdistribution grid requirements. [40,
p. 84] In [29] it is stated that DG unit shall degtand cease to energize an island in less
than two seconds. Means by which this is achievedrentioned to be e.g. DG capaci-
ty limitation to less than one third of the minimdoad of possible island, a transfer trip
signal or a tested anti-islanding functionalityd[p. 10]

In this thesis the objective of miniature testinga gather information of the avail-
able islanding detection method rather than aigedtfication or full compatibility with
standardization. The setup is build with minimunstscand thus is not in full compli-
ance with standardization. If it is wanted to rewithe results of islanding detection
testing from the perspective of grid codes it mbé done separately. In these tests a
frequency window of +/-2,5Hz is adopted from Eurapestandardization [40]. Ac-
ceptable tripping time of two seconds and principiehe test setup and test procedure
has been adopted from IEEE standardization butprestedures are fairly similar also
in Europe. [17, 29]

4.3  Miniature setup for islanding testing

Electric circuit diagram of the test setup is preed in appendix 1. The setup consists
of a 12A AFE fed by 12A rectifying inverter and pgnent magnet synchronous gen-
erator. Generator is rotated by an induction maehisianding load consists of a paral-
lel RLC circuit. Islanding of the setup is done lwéd manual switch which disconnects
the setup from the grid. The principle by which &ieE is fed to the DC bus does not
play a significant role and can represent a widgeaof primary energy sources, e.g.
wind — or solar energy. The setup nominal voltagéGoV.

4.3.1 Back-ground behind the testing environment

The reason for introduction of resonance circuiibidhiave a stabilizing element to the
islanding circuit which results in more difficuloeditions for islanding detection. In
real power systems stabilizing elements are inteduby rotating machines and gen-
erators of the system in addition to reactive postered in system’s inductances and
capacitances. In some islanding studies also ngtatiachines have been connected to
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test setups. It is evident that rotating machinesdwave a physically different effect on
the islanding circuit but it is comparable withesonant circuit since both of them in-
crease the probability to maintain grid frequenogeislanding has occurred. Because
the reproducibility of an islanding test setup @aminhg also rotating machine would
require the machine properties such as inertiafactibn as well as active — and reac-
tive power control systems to be standardizedrébenant circuit with rather high qual-
ity factor is adopted as a sole stabilizing elemeriEurope, USA and Australia. [41, p.
3]

Whether the resonant circuit reactive power shdislde an absolute value rather
than a specified quality factor has also been dsetd. An absolute value for reactive
power would result in more difficult islanding catidns for smaller inverters and par-
tial load conditions. Standardization of a spedifguality factor rather than absolute
amount of reactive power is useful since it offecalability to the test setup. In USA a
quality factor of 2,5 was required in [18] until@® Reasoning behind this is that a
quality factor ofQ, < 2,5 equates to distribution lines with uncorrected po¥actors
from 0,37 to unity but moreover it represents $tzhp elements such as synchronous
machines within the power system. When a worst saseario in which the reactive
supply exactly matches reactive load is assumegdiaer factor can be mathematically
associated with power factor as in equation (68] [

Q¢ = tan (arccos (PF) (65)

In [17] which has replaced [18] the requirementdaality factor is one which equates
to power factor 0,707. It is stated that power eyst typically operate above power
factor 0,75 under steady-state conditions and thexehe quality factor of one is below
the power factor the distributed resource is exqetd island with. Also a lower value
of Qf allows inverter manufacturers to use active islagdietection methods in which
the perturbations for power system are less harfllK it is proposed to have a qual-
ity factor of 0,5. Reasoning behind this is thaalgy factor of 0,5 is thought to repre-
sent another inverter connected to the grid se¢tiancrease the probability of the grid
to maintain its nominal frequency when in islandsiiation. In IEC 62116 draft B4 a
Qs of 0,65 is used. [17]

4.3.2 Measurement equipment

Measuring and recording of system quantities isedafith Elspec blackbox 4500G.

Phase voltages are connected straight to blackhdxarrents are measured with Fluke

i1000s current probes. Accuracies of the used eagnp are presented in table 4.1.
Table 4.1. Accuracies of measurement equipment.

Voltage Current Frequency
Accuracy 0,1% 3,0% 10mHz
Sampling rate | 1024 /cycle | 256 /cycle | 1024/ cycle
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In addition to uncertainties related to measurihgystem quantities the sampling rate
of digital measuring device affects the measuremenfl?] it is stated that the mini-
mum accuracies of the measurement equipment feageland current shall be 1% or
less of the rated output quantity of the equipmerder testing. For Fluke i1000s this
requirement is not met above four amperes operaiiiggs as the accuracy of the cur-
rent probe is 3% of the reading when using measemémange of 100mV/A. Accuracy
of the measured quantity can be calculated asuatem (66).

Nme-reading — 3%-4A =19% (66)

Mot = nom.quantity 12A

Equation (66) shows the relativity of the currerdglye accuracy in relation to operating
point and nominal value of the measured quantity{66)n stands for accuracy and sub
clausesme for measurement equipment atod for total. During and in subsequent to
islanding the current flowing at PCC to or from tiréd is always smaller than four am-
peres from which it follows that the measuremeicugacy is within the limits stated in
[17]. For sampling frequency it is stated thathibgld be appropriate for measuring the
fundamental frequency component. The sampling &aaqies of 256 samples per cycle
for current and 1024 samples per cycle for voliggéd to absolute sampling frequen-
cies of 12,8kHz and 51,2kHz, respectively. It canskated that these values are within
the appropriate values meant in [17].

4.3.3 Islanding load

The islanding load is a parallel RLC load and thpbase diagram of the load is pre-
sented in appendix 1. The LC circuit is tuned teeneesonance at the grid frequency.
This is utilized with an inductance of three tin®%7mH connected irY and a capaci-
tance of three time89uF connected im. One99uF capacitor branch constitutes of
68uF, 22uF and9uF capacitors. Connections of the LC circuit are giesd in order to
minimize costs of the setup. Aconnected capacitance is transferred to equivalent
connected capacitance by multiplying by three asguation (67). Resonant frequency
of an LC circuit is calculated as in equation (68).

Cy = 3C4 = 3 - 99uF = 297uF (67)

fr = i\/Z == /; = 50,3Hz (68)
214 LC 2T 4| 297pF-33,7mH

In (67) and (68), L and C stand for load inductaand capacitance, arfgd stands for
resonant frequency. The tolerance of the capadsof#$-10% and the tolerance of the
inductors is -5% / +10%. In worst case this wowdsluit in the resonant frequency vary-
ing from45,7Hz when both L and C are 10% over the specified 8hdHz when C is
10% smaller and L is 5% smaller than specified.sThie accuracy of sizing resulting
in 50,3Hz can be considered acceptable. According to [28]tésting is to be started
with LC resonance at grid frequency and then caetihwith L or C diverged from that
value with 1% steps in a range of +/-5%. In thisipaliverging is done by tapping the
phase coils of the inductance.
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These inductance and capacitance values will régsulbkVAr of reactive power
fed and consumed within the islanding load. Rescsaof the setup 862 connected
in Y which results in 6kW of active power consumptidhis relation of reactive and
active power yields to a quality facta@, of 2,5 as presented in equation (70). Equa-
tion (69) applies for a parallel RLC load in gerexrad (70) for a grid frequency reso-
nant parallel RLC circuit. In (70) it is assumeditlctive — and reactive powers do not
depend on each other, i.e. reactive power leves doe affect voltage.

o =R (69)

0 = =g = 25 (70)

In (69) and (70) R stands for resistance @dndP represent reactive — and active
power.Q can be mathematically associated with power faafttine islanded section of

the power system as in equation (65). The selegtedf 2,5 would result in an uncor-

rected power factor of 0,37. Calculation of PF franotive and reactive power is pre-

sented in (71).
6kW

P
PF = s~ J6kW)2+(15kVADZ 0,37 (71)

When the effect of AFE’s LCL filter is taken inte@unt the quality factor cannot
be calculated as it would be in grid resonant ch€d. inductances are in series and
valued 4,1mH and 8,1mH. Capacitance isuB,th parallel and connected im When
the effects of LCL filter are taken into accoht can be calculated with equation (69).
WhencCy = 3 C, and parallel capacitances can be summed resuttitagal capacitance
of 303,quF. When superposition theorem is applied and AFEhasight as a current
source, inductances of the setup are in serieccante summed as well resulting in
total inductance of 45,9mH. This yields to a quaf#ctor of 2,11 as calculated in (72).

_ 303,6uF
Q; =260 [ - =211 (72)

Regardless of the offset in reactive power intredlby LCL and any non-idealities
within the setup and testing environment, the reagtower fed to — or taken from the
grid can be tuned to zero by adjusting the reaqgim@er of the AFE. As the AFE will
compensate its LCL filter in any case this doeshaste an effect on the principle of the
islanding detection testing. Also in real powerteygss AFE’s can also be consuming or
producing reactive power for reactive loads of plogver system or supporting the grid
voltage with reactive current during steady staqeration.

The islanding load as it is built is presentediguffe 4.2. In figure 4.2 parts of the
islanded load, resistance, inductance and capaeitare marked with numbers one, two
and three, respectively. Tapping points of the adduare seen on top of each phase
coil. Numbers six in figure 4.2 mark the manualtstves for connecting each part of the
load to the circuit. Number four marks the pointofnmon coupling of the load, utility
grid and AFE. PCC is also the point where curranis voltages are measured. Number
five marks the circuit breaker for the whole RL@docapable of disconnecting circuit
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in case of short circuit. Breaker can also be dpdras a manual switch. Number seven
marks the point where the resistance is connected.

Figure 4.2. Parallel RLC load for islanding testing.

4.4  Initial conditions for islanding

Principle for the test procedure and achievingahitonditions for islanding of a non-
islanding inverter is adapted from [17]. The idiganditions in which the testing is to
be done are achieved by adjusting the active —raadtive power production of the
AFE so that the current flowing between the grid &st setup is minimized. Funda-
mental components of currents and powers need tsée when tuning the initial con-
ditions because of the high amount of harmoniceunt

In figure 4.3 the phase reactive power at fundaaldrequency and main voltages
at PCC when only passive RLC load is energizedpaesented. Referring to circuit
diagram of appendix 1, breakers BR1 and BR2 arsedavhile BR3 remains open.
Switches SW1-3 are closed. Reactive power is exagnim order to verify that L and C
of the test setup are compensating each othet,G.eircuit is resonating at 50,3Hz as
calculated in (68). There is a step change at thet pf 2000ms where resistances are
disconnected and only L and C remain energizecciricuit diagram of appendix 1
switch SW1 is opened while switches and breakersne at their previous states. It is
evident that resistances have also reactive piliepevthich are relatively highly un-
symmetrical because the disconnection of themes s& an unsymmetrical change in
reactive powers.



4 |slanding testing 44
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Figure 4.3. Reactive power and main voltages of the RLC |Badl color indicates L1
reactive power and L1-to-L2 voltage, green indisdt@ reactive power and L2-to-L3
voltage and blue indicates L3 reactive power aned-81 voltage.

Asymmetry in main voltages explains also the asymmim phase reactive powers
when only LC load is connected after 2000ms inrigd.3. The disconnection of the
resistance also affects the main voltages becheaseditage drop over cables and con-
nectors all the way from the main transformer isrent dependent. Reactive power
shift towards capacitive, i.e. negative, in all pémat the disconnection of resistances is
explained by in-series inductive elements, namatjuctance of cables and connectors,
of the setup and symmetrical reactive propertieesistances. These elements generate
a small amount of inductive power which is dependenthe current flowing through
them.

In figure 4.4 RMS values of fundamental, 50Hz comgrtt of current and total
RMS current are presented when only load inductancecapacitance are connected to
grid. In circuit diagram of appendix 1 breakers awdtches remain at their previous
states. At the point of 2000ms the AFE of the feagry converter which is rotating the
induction machine starts modulation. It is evidémat the fundamental component
needs to be used in order to adjust the reactamd-active power balances within the
setup as it is recommended in [17] because ofatad RMS current rising as high as

I [A] Fundamental RMS current I [A] Total RMS Current
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Figure 4.4. RMS values of islanding setup’s fundamental atal fhase currents when
only LC is connected. Red color indicates L1, gre2mand blue L3 current.
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17A due to harmonic components inherent from theMP®¥ the rotating AFE. High
harmonic content is seen also as ripple in thedorehtal RMS current.

The harmonic content of the current when only p&s&iC load is connected and
rotating AFE is modulating is presented in figurb.4£learly dominant components are
centered around &0harmonic component which is inherent from 3,0khatching
frequency of the rotating AFE. The fact that thgebiands, 58and 62° component are
dominant rather than the B0s inherent from the used modulation techniquehe®t
elevated frequencies in the current afe 71", 13" and 17 component. These are in-
herent from AFEs six-pulse switching. The spectiarfigure 4.5 is limited to first 80
components but it is noted that also sidebands wifiptes of the 60 harmonic, i.e.
120" and 188 are visible in the current spectrum.
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Figure 4.5. Spectrum of the current when rotating AFE is mating and LC is con-
nected to the grid.

It is recommended in [17] that the current flowthgough the PCC when consump-
tion and loading of active - and reactive powenaiched should be less than 2% of the
nominal current of the inverter under testing.igufe 4.6 the current has been adjusted
as small as possible. Here all breakers BR1-3 anitlees SW1-3 are closed and all
inverters are running.
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Figure 4.6. Fundamental RMS currents at PCC with matched actiand reactive
power within the islanding setup. On the left grewticates reactive power and red
active power. On the right red indicates L1, gré2nand blue L3 current.
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It can be approximated that fundamental currentpmmmnt flowing through PCC is
0,3A by calculating the average of samples of lale¢ phases’ fundamental current
components. Smaller value could not be achievedusscof variations in PQ operating
point caused by heating of mainly resistance ofltlael but also reactive components
and supplying generator as well as small variationgrid voltage level. 0,3A is 2,5%
of the nominal current of 12A and this is above riguirement of 2%. In figure 4.6 the
frequency of oscillation in currents and poweratispproximately 19Hz. Oscillations
could be due to time constants of the AFES’ curcamitrollers. Negative values of the
powers in figure 4.6 indicate that active poweflasving from the AFE to the grid and
reactive power is capacitive. Apparent power candleulated as in equation (73).
S =/P?2+Q2=./(50W)2 + (50VAr)2 = 70VA (73)

Tuning the initial conditions in this test enviroamnt proved very challenging be-
cause of high amount of harmonic content and asyingmgthin the setup. Also there
is drifting in the operation point of the setup daeheating of the resistances and other
components which affects the value of resistancetlagrefore current, but also reactive
elements.

4.5 Islanding without anti-islanding functionality

In figure 4.7 islanding happens at the point of A®dilliseconds. Before islanding all

breakers and switches are closed in circuit diagraappendix 1 and islanding is real-
ized by opening breaker BR1. Initial settings found the converter under testing in

previous chapter are kept constant throughout thelevtest procedure. Only the load
inductance is varied and anti-islanding functiosas on or off. Frequency of the system
finds its steady state value immediately and remaihnominal 50Hz. Ripple in the

frequency before islanding is inherent from therent ripple of the rotating AFE and it

is cleared after islanding.
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Figure4.7. Average system frequency and main voltages dé#teetup in islanding
situation without anti-islanding function and magchPQ-balance. Red color indicates
frequency and L1-to-L2 voltage, green indicatedd-23 voltage and blue indicates

L3-to-L1 voltage.
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Reason for high amount of harmonic content intreduby rotating AFE is that it is
significantly bigger unit than inverters under tegt Average frequency of the system is
calculated from individual phase frequencies. ufe 4.7 both frequency and voltages
are plotted with one millisecond sampling. Also maoltages of the setup remain with-
in acceptable values after islanding. Main voltalgego-L2 and L3-to-L1 remain close
to their pre-islanding values but L2-t0-L3 stepsalout six volts. This asymmetry in
voltages after islanding is inherent from the asytmgnof the resistive components in
the islanding load and tendency of the AFE to redpm asymmetrical voltages with
asymmetrical current.

If the inductance of the islanding load is diverdpdt/-1% the resulting frequency
and main voltages are presented in figures 4.84a@dResonant frequencies with in-
ductance values 33,4mH and 34,0mH are calculatét4inand (75), respectively.

1 ’ 1
fr = 21+ 297uF-33,4mH 50,6Hz (74)
fr = — |————="50,1H 75
R = 2n2970F380mn >tz (75)

The trend indicated by calculation of the resorfaafuencies is visible in measured
frequencies but actual values in steady state are nrependent on the overall reactive
balance of the setup. From figure 4.8 it is se@ when the islanding load is diverged
towards capacitive the frequency shifts upwards.
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Figure 4.8. Average system frequency and main voltages dé#teetup in islanding

situation without anti-islanding function and loawiuctance of 33,4mH. Red color

indicates frequency and L1-to-L2 voltage, greencats L2-to-L3 voltage and blue
indicates L3-to-L1 voltage.

Shift towards capacitive loading is done by tappimg islanding load from 33,7mH to
33,4mH. This change in inductance decreases theciwé reactance which results in
greater inductive power sank by the islanding Id&dds raise in inductive power within
the island is then compensated by a raise in fregueé/Nhen frequency increases the
capacitive reactance decreases. Smaller reactascdtsr in more current and, thus,
more capacitive power. Inductive — and capaciteactances can be calculated as in
equations (76) and (77).
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1
¢ = nre (76)
X, =2nfL (77)

In (76) and (77) C and L stand for capacitanceiaddctance, respectively, and f stands
for frequency. Reactive power for a three-phaseegysan be calculated with (78).

Q=3rx=3% (78)
In equation (78) X stands for capacitive or induetreactance, | and U stand for RMS
current and RMS phase-voltage. [42]
The response to islanding in frequency and voltalgen islanding load inductance
is increased by 1% to 34,0mH is seen in figure K.i18.evident that responses are oppo-
site to those when inductance is decreased, @guéncy decreases and voltage increas-

€s.
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Figure 4.9. Average system frequency and main voltages dé#teetup in islanding

situation without anti-islanding function and loadiuctance of 34mH. Red color indi-

cates frequency and L1-to-L2 voltage, green indisat2-to-L3 voltage and blue indi-
cates L3-to-L1 voltage.

The response in voltages with different load indaces should be similar. However,
the difference in steady state voltage levels 8/4-This is explained by active power
levels prior to islanding. In the situation of frgu4.8 there was approximately 110W
and in the situation of figure 4.9, 25W fed frone trid to the islanding system. These
are average values of 1ms samples during 1s bedflareding. According calculatory
voltage levels after islanding in the situationdigbires 33,4mH and 34,0mH is calcu-
lated with equation (12) in (79) and (80), respeii.

Uy = 25520 402,3V = 398,6V (79)
Ujg = [25520 - 405,3V = 404,7V (80)

In (79) and (80) 6,6kW is power calculated from Ag-Eurrent measurements and volt-
age are average values of samples during 1s im frislanding. Despite the asym-
metry of voltages, results of (79) and (80) areampliance of the measured voltages in
figures 4.8 and 4.9. Average of 1ms samples inigl@ded system are 400,2V and
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404,7V, respectively. Asymmetry of voltages is expéd by asymmetry in the re-
sistances of the islanding load. Steady state andudquency after islanding when the
reactive power balance is taken into account cacabmilated with equation (14). Fre-
guency is obtained by dividing angular frequency2isy Calculation with 33,4mH load
inductance is done in (81) and with 34mH inductand@?2).

o = 118VAr ( 118VAr )2 4
T 41 |297uF-(400,2V)? 2974F-(400,2V)2 33,4mH-297yF

= 50,7Hz

(81)

o =2 ~109VAr ( ~109VAr )2 4
T 41 |297uF-(404,7V)2 2974F-(404,7V)2 34,0mH-297yF

= 499Hz

(82)

In (81) the positive sign for reactive power indesinductive power fed from the grid
in prior to islanding. Negative sign in (82) indiea capacitive reactive power fed to the
grid in prior to islanding. Values for reactive pemare averages of measured reactive
powers at PCC during 1s before islanding and velkaaye averages of all three phases
after islanding. There is a 0,3Hz offset in theulssof (81) and (82) because of the ini-
tial resonant frequency of the islanding load i35 rather than 50Hz. This offset can
be subtracted from the results because the AFBngensating the initial offset in LC
resonance yielding to calculatory values of 50,4Hd 49,6Hz. Values do not match the
measured values exactly. It is noted that gridifeeqy is off of 50Hz at 49,92-49,94Hz
during these tests but it seems that AFE has a&tmydto keep the frequency closer to
nominal than would be expected by calculations.

In figures 4.10 and 4.11, islanding without islargldetection and load inductance
diverged by +/-5% is presented. Observations ardasi to those with inductance di-
verged by +/-1% but transients are bigger and gtstate frequency is shifted further
away from nominal.
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Figure 4.10. Average system frequency and main voltages d@éstesetup in islanding
situation without anti-islanding functionality amslanding load of 32,0mH. Red color
indicates frequency and L1-to-L2 voltage, greencats L2-to-L3 voltage and blue
indicates L3-to-L1 voltage.
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Settings of the converter under testing are nohgéd from the initial values, i.e. it is

producing same combination of active — and reagimmser despite the changes in load
inductance. In figure 4.10 with load inductance3@0OmH the steady state frequency
within islanded system is 51,3Hz and steady stattages remain within acceptable
range. In prior to islanding 652VAr of inductiveastive power is fed from the grid to

the setup. Calculatory value for steady state faqy, calculated similarly to that in

(81) and (82), is 52,7Hz which is 1,4Hz greatenth@easured frequency. In figure 4.11
with inductance of 35,4mH and 670VAr of capacitreactive power fed from the setup
to grid the steady state frequency of the islars#dp is 48,8Hz. Calculatory value for
islanded frequency in this situation is 48,0Hz.
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Figure4.11. Average system frequency and main voltages d@éstesetup in islanding
situation without anti-islanding functionality amolad inductance of 35,4mH. Red color
indicates frequency and L1-to-L2 voltage, greencats L2-to-L3 voltage and blue
indicates L3-to-L1 voltage.

These results suggest again that the setup haslanigy to maintain its frequency clos-
er to nominal than would be expected by calculatigielding to more difficult condi-
tions for islanding detection for e.g. protectiaiays. Voltage levels with these load
inductances remain close to nominal but settlinge$ for voltages are increasing with
the increase of reactive power mismatch. This isttpalue to phase shift during island-
ing inherent from the change in frequency.

It can be concluded that without anti-islandingdiionality and with PQ-balances
according to [17], unintentional islanding is aligrobability event. Islanding cannot
be detected if thresholds for over and under fraquare +/-2,5Hz. It is evident that the
steady-state frequency within the island is prapodl to reactive power balance. When
the active power consumption and production withia island is matched the voltage
remains at its pre-islanding value. Small variatiom voltage level are inherent from
offsets in active power matching. Offsets occurduse of small variations in grid volt-
age and drifting of the operation point because.gf heating of the resistances and
other components of the setup. The asymmetry itages is inherent from asymmetry
of the load resistances.
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4.6  Testing of anti-islanding functionality

Anti-islanding functionality is tested with matchadtive — and reactive powers, reac-
tive power diverged with load inductance tappinghwi a range of +/-2% in 1% steps

and with decreased active power production. Sitgiler chapter 4.5 islanding is real-

ized with breaker BR1 in appendix 1 and settingsctmnverter under testing are those
found in chapter 4.4 and kept constant during toegdure.

4.6.1 Matched PQ-balance

In figure 4.12 islanding with anti-islanding furmtiality and matched PQ-balance is
presented. Islanding happens at 1000ms.
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Figure4.12. Average system frequency and main voltages oé#tesé¢tup in islanding
situation with anti-islanding functionality and ncded PQ balance. Red color indicates
frequency and L1-to-L2 voltage, green indicatedd-23 voltage and blue indicates

L3-to-L1 voltage.

Before the islanding in figure 4.12 there is 60Wiwec power and 60VAr capacitive
reactive power fed from the grid to the setup.igurfe 4.13 the situation is presented
with AFEs calculated frequency and reactive curcargr 50 seconds into islanding. It
is seen from figures 4.12 and 4.13 that anti-igl@gpdunction fails to force the frequen-
cy of the system out of permissible range for op@na Operation of the anti-islanding
controller can be seen in figure 4.13 where islagdiappens at the moment of 5s and
reactive current starts drifting as a function kquency error. The rate of change in
frequency is rather slow and does not reach 52d@8Hmy point. After the initial, faster
change, the frequency starts slowly drifting baokdrds 50Hz. The operation of the
anti-islanding controller could be also explainedisat the frequency of voltage of the
islanded system starts following the frequencyhaf inverter current. In this case the
current becomes more capacitive, i.e. lags thegeltess as it is initially inductive, and
system voltage frequency follows the current. lis ttase the positive feedback is not
enough to force the frequency out of frequency wimdMain voltages behavior is
similar to that without anti-islanding functiongliand mainly affected by the active
power balance.
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Figure 4.13. Calculated system frequency and reactive curréthe AFE with anti-

islanding functionality and matched PQ balance. Reldr indicates frequency and
blue indicates reactive current.

4.6.2 Diverged load inductance

Islanding with anti-islanding functionality and kbanductance diverged by +/-1% to
33,4mH and 34mH is presented in figures 4.14 ah#, 4espectively. In the situation of
figure 4.14 the reactive power unbalance in pwostanding is approximately 100VArs
inductive power fed from the grid to the setup.sTisienough to force the frequency out
of the frequency window but for the limits of +5Bz the requirement of tripping in
two seconds is not met.
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Figure 4.14. Average system frequency and main voltages d@égteetup in islanding
situation with anti-islanding functionality and ldanductance of 33,4mH. Red color

indicates frequency and L1-to-L2 voltage, greencats L2-to-L3 voltage and blue
indicates L3-to-L1 voltage.

In the situation of figure 4.15 with 34,0mH loadduttance the reactive power mis-
match before islanding is approximately 170Varsacitjve power fed from the setup to
the grid. The threshold of 47,5Hz is reached inual2g3 seconds by a spike occurring at
the settling of voltages. If there was enough riitig or delay in frequency monitoring
this spike wouldn't trigger the protection and theeshold would be reached at 3,2s.
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Figure 4.15. Average system frequency and main voltages d@égtén islanding situa-

tion with anti-islanding functionality and load indtance of 34,0mH. Red color indi-

cates frequency and L1-to-L2 voltage, green indisat2-to-L3 voltage and blue indi-
cates L3-to-L1 voltage.

Settling of the voltages is a point where the mdtehange in frequency becomes small
enough for the AFE synchronizer to keep invertemieal voltages synchronized with
the frequency stated by the load. The sign of reagtower fed by the AFE depends on
the initial change in frequency. If the changeiatly is negative, as in figure 4.15
where system reactive power balance is at less30#&iz, the additive reactive current
is also inductive, i.e. it will cause the inverterrent to lag more or gain less in relation
to voltage and thereby decrease also the frequehugltage, and vice versa. In both
cases with 1% diverged inductance voltages arestuty oscillations but the RMS val-
ues still remain inside permissible range.

In figure 4.16 a) and b) the behavior of the systeith load inductance values
33,0mH and 34,4mH, i.e. +/-2% is presented. WitmB3approximately 220VArs of
inductive reactive power is fed from the grid te tsystem and with 34,4mH approxi-
mately 300VArs of capacitive reactive power is tedhe grid. In both cases the fre-
quency drifts out of the frequency window in ab800ms.
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Figure4.16. Average system frequencies of the test setufamdisag situation with
anti-islanding functionality and load inductancds33,0mH and 34,4mH.
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With higher than +/-2% divergence in load inducesthe tripping time keeps shorten-
ing. Voltage behavior in all cases is similar tattivith load inductances 33,4mH and
34,0mH. The amplitude of oscillations keeps incrgasvith the increase of reactive
balance divergence but in all cases voltage renveitisn acceptable range.

4.6.3 Active power imbalance

In [17] testing also with different active powewrdds is required. In figure 4.17 an is-
landing situation with matched reactive power amdkW active power production is
presented. 4,4kW is 67% of the matched productidh@kW in previous tests and 53%
of the nominal power of 8,28kW of the inverter untisting.
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Figure 4.17. Average system frequency and main voltages dégeetup in islading
situation with reduced active power production andtched reactive power. Red color
indicates frequency and L1-to-L2 voltage, greencats L2-to-L3 voltage and blue
indicates L3-to-L1 voltage.

In figure 4.18 the behavior of active — and reacturrents during islanding is present-
ed. At the moment of islanding AFE is supplying/ &ctive current. Islanding results
in dropping of the main voltages to a level of 32834lculatory value for islanded sys-
tem voltage in this case is 317V. Dropping of vgétdevel results in reactive power
imbalance which starts to affect the system frequeand this change is amplified by
the anti-islanding controller. It is seen that tirepping of voltages results in active
current increasing to a level which is sufficieatkeep DC voltage in control. Thus,
active power balance is maintained when voltagiesetip a level at which resistances
consume the power produced by AFE. Also reactiveeot level is affected by the
voltage drop. Reactive current is affected becafsthe AFE'’s filter compensation
function which takes into account changes in activeent. Changes in active current
affect the reactive power of AFE’s filtering. Anslanding controller does not react to a
small rise in frequency immediately after islandatg200ms in figure 4.18 but starts to
amplify the frequency divergence after that.
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Figure 4.18. System frequency and currents of the test setigtaimding situation with
reduced active power production and matched reagtiower. Red color indicates fre-
guency, green reactive — and blue active current.

Reactive power balance within the setup is not taaied despite the facts that the LC
loads resonance is not affected by voltage level ARE takes into account also
changed reactive power of its filter inductanceisTimbalance after islanding have to
be explained by the fact that AFE does not take agcount actual voltage level in filter
compensation which affects the filter capacitancegsictive power and reactive
unidealities within the setup. Although system &g#s drop outside acceptable range
almost immediately this could be interpreted asid fault and thus would not cause
tripping of the AFE if FRT functionality is activ&Vith FRT functionality there will be
a delay in islanding detection which is dependentvoltage level and FRT voltage
characteristics. After the islanding at 500ms gufe 4.17 the frequency drifts out of the
frequency window of +/-2,5Hz in 450ms.

4.6.4 Effects of AFE settings

In the tested AFE there is many parameters whiehdasigned for other features than
anti-islanding but affect also the performance mti-eslanding function. Also, there is
available a gain parameter for the anti-islandiogtoller positive feedback gain. Gain
parameter’s default setting is 50% which is theigalll presented tests are done with. It
should be noted that finding the appropriate vétme2ach application might be difficult
and should be done case-by-case. Also, it is plesgiht suitable setting for gain could
change after commissioning of the system. It issiiibs to communicate the setting
from upper level control system if one exists hifedent scenarios for e.g. grid config-
uration could be hard to determine theoreticalljolee they can be tested. Effects of
different gain settings were tested briefly andultssyield that a higher gain results in
shorter tripping times and vice versa. Gain params&tting will also have an effect on
the overall performance of the AFE as possibleangs tripping and undesired reactive
power injections in case of frequency variationghia grid.

Reactive power production of the AFE can also liecééd by other features, e.g.
voltage support function. Voltage level based rigaaturrent injection was also tested
and it is possible that this function will decredise probability of successful islanding
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prevention. If the initial change in voltages afdanding is such that the resulting ref-
erence for reactive current is opposite to thaami-islanding controller it is evident
that the performance of islanding prevention ie@#d negatively. A logic in which
these functions wouldn't disturb each other cowddely. such that voltage support con-
trol works slower than anti-islanding. However thiis solution anti-islanding would be
disabled from applications in which the grid vokagvel is pushed down to have mar-
ginal in DC voltage. One possibility would be ftyetanti-islanding controller to have
priority over voltage support when islanding isgerded because of e.g. change in sys-
tem frequency.

It is possible that AFE’s current limit affectsasting detection. If there is enough
active power production it is possible that thecti®a current produced by anti-
islanding controller couldn’t force the frequencytgide the frequency window when
total current is limited by current limit. Howeversually AFE is capable of producing
significantly more than its nominal current in ghterm. Setting of current limit is
something that has to be taken into account whekingaslanding considerations. Al-
so, it would be possible to increase the probgbditislanding prevention by having
priority of reactive current over active currentevhislanding is suspected. Especially in
a case of megawatt class inverters and wind —lar parks, but also smaller scale units
it is highly dependent on the grid configuratiortleé islanded power system how much
a single inverter is capable of deviating the feagry even with maximum current.

Frequency range in which a modern inverter unéhbk to operate is very large.
From the control point of view it is not obligatoiy stop modulation or trip the unit in
case of over — or under frequency. Therefore, athanti-islanding function operating
on AFE output frequency it is necessary to deflme limits for permissible frequency
range case-by-case and in collaboration with terbmanufacturer.
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5 CONCLUSIONS

The purpose of this thesis was to study islandimgnpmenon and islanding detection
methods from perspective of a full power convedsmwell as design and build a test
facility for islanding studies. Effects of islandirand different islanding detection
methods were studied as a literature survey aricsédgp was utilized for testing of an
inverter in islanding situation. Significant amouofttime was used for planning and
building of the test setup.

Many of the available islanding detection methoasret suitable for implementa-
tion into a DG unit because they are complicated r@guire large amount computing
capacity or extremely accurate measuring equipnierle future it is likely that hybrid
methods gain more interest since requirements dorep quality exclude many active
methods and passive methods are excluded by tiefflectiveness. Some of the pre-
sented islanding detection methods could be impheatde into a DG inverter grid in-
terface and operational as they are but also nuadiifins and applicability into different
environments has to be thought through. Most primgisnes presented in this thesis
are adaptive logic phase shift from active methamats hybrid method combining covar-
iance of voltage and current periods and adapteaetive power shift. Also, possibility
of combinations like covariance of voltage and entiperiods or rate of change of fre-
guency over power with ALPS or AFD could be effeetin islanding detection without
too much affecting power quality and other funcslbty of the inverter.

Islanding test setup was built in accordance toBEHandardization. The core
component of the test setup is a parallel RLC Wwhith is sized to resonate at grid fre-
guency. Grid frequency resonant load is to increaseprobability of the islanded sys-
tem to maintain grid frequency close to nominalth\& 4Q drive which is able to sup-
ply wanted active — and reactive power combinalilmited mainly by current capabili-
ties it is the overall reactive power balance rattian the capacitive-inductive load
balance of the islanded system which defines th&dst state frequency of the islanded
system and thus, probability of unintentional isliag. If the islanded section contains
also synchronous machines equipped with voltagefi@agiency control, the behavior
of the system becomes different and frequency i®nger dependent only on the reac-
tive power balance. Also, within an islanded systamtaining only power electronics
controlled distributed generation, the voltageshef system are proportional to active
power balance within that system.

With tested grid interface inverter and withougisding prevention function island-
ing proved to be a relatively high probability eteln this case unintentional islanding
happens if reactive — and active power balancesvdhen a range which yields to fre-
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guency and voltages of the islanded system rengimside acceptable values. From
inverter control point of view the range for freqog in which it is possible to operate
is very wide and limits for frequency window hawehbie set in accordance to grid regu-
lations. Reactive — or active power mismatch resplifor prevention of unintentional

islanding depends on the configuration of the idéahgrid section but also on applied
grid code, i.e. frequency and voltage operatiogean

With used anti-islanding method which is basedeactive current injection on ba-
sis of frequency error, it is characteristic thathwperfect matching of reactive — and
active power balance islanding cannot be preveh&sduse the frequency error does
not occur. Load inductance divergence of +/-1%ltedun reactive power imbalance of
100VArs inductive and 170VARs capacitive within tiséand. In these situations is-
landing was prevented but not in two seconds reduiry standardization. With greater
reactive power imbalances the islanding was predeint less than two seconds. Based
on these values it can be approximated that reagtwer imbalance needed for suc-
cessful islanding prevention in this case is al2@@VArs which is 1,3% of the reactive
power produced and consumed by the LC load. Tmsbeareferred to as NDZ of the
tested islanding detection method.

Voltage levels are not significantly affected byaetve power imbalance within a
power system containing only non-synchronous DGweéi@r, voltages are subject to
change because of active power imbalance and drgpgfi voltages also affects the
reactive power balance within the islanded systenworst case it could equalize in-
ductive and capacitive power productions within island resulting in failure to pre-
vent islanding. As the current trend with regulasidor distributed generation is that a
DG unit has to survive within a wide voltage raragel also from grid faults even with
zero remaining voltage it is evident that voltageel based islanding detection is very
difficult.

Continuation of islanding studies should be donéhwespect to different kinds of
configurations of the islanded grid section, i.esystem containing other inverters
and/or synchronous machines. The possible usergntly available islanding preven-
tion method should be done with respect to othatufes of the grid inverter to not in-
terfere normal operation. It should be also exadhihew the anti-islanding function
will affect normal operation and e.g. FRT functibtyaof a mega-watt class converter
system. The next step from islanding detectiorhés dperational island. With current
products there is a possibility allowing invert@eoation as a voltage source controlling
its voltage and frequency on basis of reactive peweoltage and active power — fre-
guency droops. However, the transition from gricireected operation to island mode
operation is not possible with modulating inverfdnis limitation rules out the possibil-
ity of direct continuation of operation in an isthand changing of control mode has to
be done manually or in the upper level of grid endation.
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