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Abstract
Thisthesis s perf ormed for WSP as a part of a
of power quality disturbance mitigation in production facilities; mainly wind farms. The
different types of power quality disturbances are defined and their causes and effects
explained A wide range of available devicesich can be used to mitigate these disturbances
are reviewedThe basics of wmd powerarealso explained briefly, including a review of
different turbine typesThebroad range variablspeed turbine typéswhere the turbinesi
controlledthrough a frequency converteare today very dominant. The central part of the
thesis describes how disturbances are handled in wind farms. Mhaakigr and harmonics
have to ke consideredoutalso unbalance, rapid valje changes, voltage dips, transient
overvoltages and frequency variatioREcker severity is subjective and therefore flicker is
difficult to quantify. However flicker seldomrequiresspecial mitigation in new wind farms.
Harmonics are the main probleand aresliminatedwith passive filters, primarily placed
inside of the turbinesatthe convertersAlso, amplification of existing harmonics due to
resonance effects needs to be considé€sederal allowed levels the power systerfor each
disturbanceypeare presented. Allowedression leveldor a specific wind farnare seby

the network owneafter calculations of the power system impedance have been performed. A

computerbased tool for choosing mitigation devices was originally planned to bgneesin
this thesis, but this idea was abandoned when it became clear that only filters are used in
practice and that their properties are proprietary information. Lastly, some possible future
developmentsf wind power and the power system which coul@etfdisturbance mitigation
are discussed.

Keywords: Power quality, disturbancesitigation, flicker, harmonics, filtersyind farms
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AC 1 Alternating Current
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Cc (kya3T flicker coefficient

C, I power coefficient
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CSCi Current Source Converter

CVT 1 ConstantVoltage Transformer

DC 1 Direct Current
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DFT i Discrete Fourier Transform

DVR i DynamicVoltageRestore
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ki( ¥ 1 flicker step factor
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LIPC 1 Low Impedance Power Conditioner

LV i Low Voltage

M-G Seti Motor-Generator Set
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MV i Medium Voltage

Niom T maximum possible switching events per 10 min period
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PEV 1 Plugin Electric Vehicle
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1. Introduction

1.1.Background
This thesis dealwith how the power quality disthances can bmitigatedin large
production facilities, with atrongfocus onlargewind farms The work is done on behalf of
WSP Systems6 EI ect rGoteborgRupeevisor fDrehp project in@amWSP i n
has beerGordon Johanssoand Fredrik.undmarkandthe examiner and supervisoom
Chalmershas beeiMassimo BongiornoThis thesisis part of a process that preliminarily will
consist of a total of three diploma thepesformed on behalf of WSP System#ich
togdher will result in avay ofascertaining the bestitigationmethod for power quality
disturbancesluringthe project phasef new production facilities (mainly wind farms) on the
basis of agreed parameters. This thesis will provide the theoreticafdrabis later modeling
and calculations.

1.2.Aim
Firstly, this thesigims toexplain what types of power quality disturbances exiglir causes
andnegativeimpact on the power systei®econdlythis thesigeviewsthe methods that are
available for handtig the power quality disturbances studied in part ©hidly, a brief
introduction to windooweris given. Thepa detailedanalysisof the disturbance types and
mitigationmethods relevant for wind farns performed Furthermorethe possibility of
desgning a computerbasedool to assist in the choice ofitigationmethod for power quality
disturbances during the design of WSP's future production facilities (wind ferms)
investigatedLastly, anexamirationis made intaf there isa differentapprach topower
quality disturbancemitigationthan theonecurrenty used in Sweden, and if so if using this
other approachould increase efficiency and enhance the stability of the Swedish electric
power system. This paaiso examinghow disturbancenitigationcouldchange in the future
due to developments in wind power or power system technology

The academic contribution of this thesis project cossistnaking a connection between
academic theories about power quality disturbamitiggation, the rules and regulations of the
Swedish Standaréy. SvenskStandard) and the way the disturbamiggationtheories are
actually being applied in the Swedish power system when new wind éaentsiilt

1.3.Limits
The examination of both the disturbance typesthaat mitigationmethodds concentrated
around what is common and applicablelford-basedvind power production facilities.
Remainingdisturbancaypes andnitigationmethodsareonly described briefly. Also, only
methods which are actually used to @éaextent in the Swedish power system or methods
which could replace the former methods without extensive reconstruction of the power
system, severely increased costs or an unacceptable drop in powerayeakigmined in
detail. The details about mitagion methods internally in the turbines are limited due to
confidentiality policies of wind turbine manufactureesulting inthe thesis focusingore on
disturbances as seen from the gFdrthermore, the last of the four aims of the thesis is of a



lower priority andwasonly pursued after the successful conclusion of the three prioritized
aims, and then only to thetent the remaining time permitted

1.4.Problem Description
What are the differertypes of power quality disturbances and how do they atiegpower
system?

Which of these disturbances are caused by production fadfitied farms)in the Swedish
power system?

Which of the disturbances caused by wind farms are the most frequent and cause the most
problems in the electrical power system, age the most important mitigate?

What methods are available for power quality disturbanitigatior?
Which of these methods are used in the Swedish power system today?

Which methods are the mastedsuitable formitigatingpower quality disturbances
generated by newly constructed wind farms?

For the latter methats, do parametesich as the numbef wind turbines and their sizdfect
the choice ofmitigationmethod for new wind farms?

How can an easto-usecomputerbased tool be designed to, bgention of such parameters,
generate recommendations for appropriate disturb@atagationmethods for a specific
facility beingdesigredand is such a tool useful?

Could a differenapproach t@ower quality disturbanamitigationthan the current one
increase the efficiency and enhance the stability of the Swedish power system?

How is themitigationof power quality disturbances likely to change in the future with respect
to factors such as the development of mesigation methods, a new division of tip@wer
generation between then@us energy sources.(g. due to a large increase in the installed
amount of wind power) or a restructuring of the electric power system to meet new needs,
such as increased use of electeticlesand/or increased smadtale energy production

(Smart Grid)?

1.5.Method
The academic literature was gathered mainly through the resources of Chabraass A
large number of both physical and electronic books were collected, written by both foreign
and Swedish scholarSome lierature wagenerally about power quality asdme was
focused on wind power applicatioridiese publications were cremsferenced to reveal
which information was universally agreed on and should therefore be included in the report.
The bulk of the literaure waso older tharfive years, and almost none ovdteen years old
T this to avoid obsolete theories and methods be@sgribedn this thesis. These academic
publications provided the foundation of the thesspecially for the overviews distubance
types,mitigationmethods and wingdower.



To ensure relevance to the Swedish power system appropriate parts of the Swedish Standard
were acquired through sources at both WSP and Chalmers and the academic literature was
compared to these to avoid lading facts in the thesis only pertinent to power systems of

other types than the Swedish system. Also, it was important to ense@rihe definitions

of phenomena and power systparametersvere used.

Interviews were conducted with representativesifcompanies active in the wind farm
construction sector, to acquire knowledge of how the academic theories are applied today in
the Swedish power systeRRepresentatives from network owners (Svenska Kraftnat and
Vattenfall) and a turbine construct@iemeng as well as an independent consultancy firm
(Cleps AB) were interviewedmportant information from these sources included which

power quality disturbances are considered when constructing wind farms, what parameters are
considered when choosimgjtigation methods for those disturbances as well as what the
priorities of the companies are in selectargl approvingnitigationtechniqueswith respect

to e. g. economics, complexity, sjiziée spanetc.Also, general knowledge/as gained about

the resposibility structure of the Swedish power system, including howtgnathomrules

and limits for power quality are decided.

For reasons described in Chapter 7 of this repointrestigation of whether to create a
computerbased tooksa part of this thesiconcluded that such a tool was neither practically
possible nor neede@he idea proved too far removed from the practical reality of power
quality disturbance mitigation for such a tool to be useful.






2. Power Quality, A Brief Introduction

Power qualityis a wide subject without a universally agreed definitire definition of

power qualityused in this repoit as follows i P o we r  q setof glettrical hosndagies

that allows a piece of equignt to function in its intendesianner without sigficant loss of
performance or life expectarmezyl he highest power qualitis achievedvhenvoltage and
currenthavepurely sinusoidalvaveformscontaining onlythe poweifrequency (50 Hz in

Sweden) anevhenthe voltage magnitude correspondgs referercevalue.Any deviation

from this may negatively affect the function and/or life expectancy of equipment connected to
the power systenjl]

This report will deal with the variety of phenomena which can distort the current and voltage
waveforms, so calledgover quality disturbances, and howpi@ventthese phenomena from
occurringor counteract thie negativeinfluenceon the power quality. The goal isaorive at
voltageandcurrentwaveformswithin the allowed limitsaccording tahe Swedishstandards

ard regulatims providingthe electricalboundaries mentionezbovein the definition of

power quality The Swedish rulearederived from the rules set by the IEC (International
Electrotechnical Commissipmf which SEK(Svenska Elektriska Kommittéen: Svedish
Electrical Committee)who sets the Swedish rules, is the Swedish national comniZ}ee.






3. Power Quality Disturbance Types

There are a number of different types of power quality disturbances and also a number of
different ways to define and categ® them Herefollows one possiblést of power quality
disturbances typesategorizd in one of many possible waysefnitions of the different
disturbance typeim accordance with the Swedish Standasdvell asisual causeand
commonnegative effets ofthemareincluded and alscsome illustrativediguresof the
phenomenavhere this mighbe helpful

3.1.Long-Duration Voltage Variations
This category includes disturbanaeish a large spectrum of possilderatiors, including
very longduratiors, andwith less clear definitions than those in the coming categories
Generaly interruptionsundervoltags, overvoltags, and rapid voltage changeanbe
considered steadstate disturbances, in contrasfdao example voltage dips and swells and
transient{seeChapters3.2 and 3.5 respectivelyyhich aresimilar phenomendut transitory
in nature [3]

3.1.1. Interruptions
An interruption isan eventefinedin the Swedish Standases a state during which tiRMS
value of thevoltage at the supply terminal is bel® % of its reference valuEor threephase
systems the voltage must be below this limit in all three phases to constitute an interruption
otherwise the event is classified as a voltage dip (see Chapter 8caajndervoltagef it
persists long enayh (see Chapter 3.1.2According to the IEE (Institute of Electrical and
Electronics Engineersonprofit association for advancement of technology based in the
USA) Standard, however, the border between interruption and voltage dip is at 10 % of the
reference voltage. Caution is therefore advised when discussing these pherenseina to
establish which definitions should be uskdthis thesis the definitioreccording to the
Swedish Standard will be usdd,4]

Interruptions are classified as ptedinterruptionsf the network usersvereinformedabout
them in advance, otherwise as temporary interruptMith respect to duration a temporary
interruption is classified as a long interruption if its duration exceeds 3 miotlagviseas a
shortinterruption(see Figure 1according to the Swedish Standartie termfivery short
interruptiord (VSI) can be used to describe an interruption shortéuration than 1 sto 5 s
and also the terrfioutag® can be used to describe an interruption shéger 1 min[2]
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Figurel. Short interruption due to a faul{5]



Planned interruptions are usually caused by construction or maintenance in the power system.
Temporary interruptions are usually caused by faults and are generally unpredictable and
random @currencesVSls areusually caused by setfearing faults in a system capable of
automatic reconnection[2]

3.1.2. Overvoltage s & Undervoltage s
An overvoltagecan be defined asg voltage between one phase conductorgandndor
between phase conductors imgva peak value exceeding the corresponding peak of the
highest voltagallowedfor adjacenequipmentAn analog definition can be appliéak
undervoltags. With these broad definitions over amadervoltage can be said to contain
most other voltage giurbances mentioned below. However, in this report over and
undervoltagse will be the terms used to describe deviating voltages which cannot be classified
under any of the mordearly defined disturbancepgs mentioned belowoF example most
long-duraion voltagevariationswill be definedas under or overvoltags. [6]

Common causes oindervoltags include faults, reduction in supply capabijléynd overload.
Overvoltags can be caused by lightning, switching events, insulation fanltisfaults with
alternator regulators or tap changer transforparsvell aovercompensation et¢4]

The effects ofindervoltage areusuallyincreasing currents drawn by motors, increased
reactive power demaneénd voltage instability. Fasvervoltage common effestalso include
increased reactive power demand and voltage instability, as well as heightened stress on
insulation.[4]

3.1.3. Rapid Voltage Changes
A special subtype of londuration voltage variations is rapid voltage changesoltage
steps These are definkein theSwedishStandard as solitary rapid changes in the RMS value
of the voltage between two consecutive levels withtéohbut not specified duration. The
change must be more rapid than 0.5 % per second and keep witfii®®% of the reference
valuei alarger magnitude leads to reclassificatawa voltage dip or swell (see Chapter 3.2)
[2,7]

These changes are usually causetbhg changes, switching events in the power system and
faults The dfectsof rapid voltage changes are similar to thoS#icker (see Chapter 3.3.1).
Above a certain level rapid voltage changes cause visible light intensity changes in
incandescent light sources (e. g. common light bullis¢se changesan cause discomfaid
people exposed. Effects of rapid voltage gemare commonly mistaken for effects of

flicker, because of the similarities between the. (3]

3.2.Voltage Dips (Sag9 & Voltage Swells
These types of disturbances hagationsof between 10 ms (0.5 cycles) and 1 min
according to the Swedish Standartis duration is measured from the crossing of the start
threshold to the crossing of the end threshold. For{bin@se systems the duration is
measured from when one phase has crossed the start threshold to when all three phases have
crossed the end ttsieold.Voltage dips are much more common than voltage svW2|4.



3.2.1. Voltage Dips (Sags)
According to the Swedish Standdhe start threshold is equal to 90 % of the reference
voltagefor voltage dips (called voltage sags in Ameridd)e end threshold issually set
1- 2 % of the reference voltage abdhe start thresholdConsequentlythe duration of a
voltage dip is measured from when the first phase drops below 90 % of the reference voltage
until all three phases have again risen above 9B2%% of the reference voltage. As
previously mentioned, if all phases drop below 5 % of the reference voltage or the duration
exceeds 1 min the event will beckassified as an interruption or andervoltage
respectively[2,6]

Main causes of voltage dipsclude energizing of heavy loads (e. g. arc furnaces), starting of
large induction motors, single liste-ground(SLG) faults (see Figure 2)line-line and
symmetrical faultsand transference of load from one power source to anpfjer.

Effects ofvoltage dips mainly includeoltageinstability andmalfunctionsin electrical low
voltage devicesuninterruptible power supplieandmeasuring and control equipmeAtso,
problems inmterfacing with communication signatan arise[4]

100 3

-100 -
time (s)
I T T >
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Figure2. Voltagedip caused byaSLGault. [5]
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3.2.2.Voltage Swells
For voltage swells the start threshold is equal to 110 % of the reference \anltageéing to
the Swedish Standard@he end threshold is usually set2 % of the reference tage below
the start thresholdn other words, the duration of a voltage swell is measured from when one
phase rises above 110 % of the reference voltage until all three phases have again fallen
below 1@ % - 109 % of the reference voltage. If tegent persists longer thdminit will
be reclassified as anvervoltage[2,6]

Main causes of voltage swells include energizing of capacitor banks, shutdown of large loads,
unbalancedaults one or morghaseto-phasevoltages will increasesee Figure 3transients
(see Chapter 3.53nd power frequency surgésee Chapter 9). [4]

The effects of voltage swells are largely the same as for voltage dips (see Chaptd6B.2.1).
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Figure3. Voltage swell in the lpaseto-phasevoltagebetweena faultless phase anthe faulted phaseduring
an SLGault. [5]
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3.3.Voltage Fluctuations
Voltage fluctuations are defined in the Swedish Standard as a series of voltage changes or a
cyclic variation of the envelope of the voltagéese voltage changes a@nmmonlybetween
90- 110 % of the reference valjeand are considered steashate disturbancel?,3,4]

Main causes of voltage fluctuations atartupof drivesanddrives with rapidly changing
loador load impedances well as operation @irc furnaceg¢see Figure 4)jpulsedpower
outpus, resistae weldersandrolling mills. [4]

Common effects of voltage fluctuations aexreased performance andtability of the

internal voltages and currents of electronic equippraentvell agproblens with reactive
power compensatiof4]

3.3.1. Flicker
Voltagefluctuations can cause the visual phenomenon known as flicker. This consists of
changes in intensity or spegiticomponents of light sources as a resuttasitinuousapid
changes ioadcurrent. This phenomenon can, wheredclescertainamplitudes (different
amplitudes depending on the frequency of the flickeaise discomforfor people exposed to
the effectsHowever, flicker does not cause any malfunctions in the power system; the
inducted discomfort is its only negative effdelicker is sometime considered a subtype of
voltage fluctuationsnot an effect of the sam@,4]

voltage (pu)
=

-1

time {ms]h

0 50 100 150 200
Figured. Voltage fluctuations caused by arc furnace operat[éh
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3.4.Voltage/ Current Unbalance
Voltage unbalancaccording to the Swedish Stand& @ condition in a multiplphase
systemduring whichthe RMS values of the phase voltages or the phasesdregigeen
adjacent phases are not equal.analog definition can be made for current unbalance. In a
threephase system voltage unbalance occurs when the magnituddloktghase voltages
are not exactly equal or the phase angle between phases is not exactljnbatance
disturbancesan be divided into steagstate unbalansand transient unbalanedepending
on the duration and cause of the unbalaj;d]

Common auses osteadystateunbalance include netnansposed overhead transmission
linesandunbalanced singiphase loading of thregghase system$or transient unbalance
common causes abdown out fuses in one of the phases in a capacitor &adhlsingle or
double lineto-ground faults[4]

During unbalanceegative sequence componefsse Chapter 3.6.2.Appeasresulting in
different currents being drawn in different phases. taisses torque ripple in thrphase
motors as well ahampergheir performance andauses unequal losses and heating between
the phases and their load$e torque ripple can lead to excessive wearing and thereby
shortened life span of the motoFarthermore, reactive power demand will increase and
reactive power compensationlvbecome more difficult. The end result can be 1opération

of equipment and measuring instrumeatswell as shortened life spans of appliangs.

3.5.Transients
Transients, or transienvervoltags, are shortluration either oscillating or impulsiweltage
phenomena with a duration of usually a few milliseconds or shorter and normally heavily
dampaed. Though short in duration they often create v@gh magnitudes of voltagg2,4]

Transients with high voltage magnitudes cause insulation breakddha power system and
transients with high current magnitudes can burn out devices and instruments. Other effects of
transients include malperation of relays and maipping of circuit breakerg4]

3.5.1. Impulsive transients
Impulsive transients (sometimexerred to as surges) are unidirectional, i. e. never switch
polarity. They are often described with rise time (time to reach the voltage peakip-tiailké
(time until the surge has decayed to half the peak value) and peak voltage magheirde.
duraton is usually very short, often below one millisecond and their spectral companent
often very high frequenf9]

The main cause of impulsive transients is lightning striges Figure 5)9]

11
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Figure5. Impulsive transienturrent caused by lightning strike, result of PSpice simulati¢§]

3.5.2. Oscillatory transients
Oscillatory transients rapidly switch polarity, often numerous times during their existence.
Their durations oftenlonger than for the impulsive transients, whetba# spectral
comporents can be of a wide range of frequencies, from a few hundred Hertz up to hundreds
of kilohertz Oscillatory transients can be divided into subgroups based on their predominant
frequency (high medium, and lowfrequent)[9]

Among themanyusualcausesf oscillatory transientareenergizingof transformers,
capacitos (see Figure 6)lines,andcables, as well ase-strike during capacitor denergizing
cable switching, ferroresonance, and system response to impulsive transiénts. [4,

Repeatedscilatory transients can cause the magnetic properties of core materials used in
electrical machines to chandd]
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Figure6. Lowfrequent oscillatory transient aused by capacitor bank energigi[5]
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3.6.Waveform distortion
Waveform distortions defined asa steadystate deviation from an ideal sine wave of power
frequency primarily categorizedy the spectral content of the deviatidinere are four major
subtypes: Dffset, harmonicsnotching andelectric noise. Harmonics are further divided
into intege harmonicsinterharmonicsandsubharmonicq 9]

3.6.1. DC Offset
A DC offset is a DC component tifevoltage or current in an AC system. Main causes are
rectifiers or other electronic switching devices being operated in the power s\astenell as
transforme saturation andeomagnetic disturbancdsaults in electrical machines can also
cause severe transient DC offs¢4}

Possible negative effects of a DC offset in an AC networkalfecycle saturation of
transformer corg generation of eveimtegerharmonics(see Chapter 3.6.2,19ndincreased
temperatures transformers, rotating machines, and electromagnetic devtuel may
shorten their lifetime, as well &bectrolytic erosion of grounding electrodes and other
connectors[4]

3.6.2. Harmonics
Harmonic aresinusoidalcomponents of the system voltagecurrentwith frequencies other
than the power frequency, also called fimedamental frequency4]

Harmonicsin general are often caused dyyeration ofotating machingsarcing devices
semiconductobased power supply systensorverterfed ACdrives thyristorcontrolled
reactors phase controllersandAC regulatorsas well as ragnetization nonlinearities of
transformes. [4]

The general effects of harmonics includereased thermal stress dodses incapacitorsand
transformersas well apoor dampingincreasedossesandin other ways degraded
performance of rotating motors. Furthermdransmissiorsystemsare subject to higher
copper losses, corona, skin effentd dielectric stress armdiso interference with measuring
equipment and protection systerf#.

Harmonics also negatively affect consumer equipment such as television receivers,
fluorescent and mercury arc lightirand the CPUs and monitors of computpts.

The threesultypesof harmonics integer harmonicsnterharmonicandsubharmonic$ are
briefly describedelow.

3.6.2.1. Integer Harmonics
Integer harmonicé&sometimes just called harmonics, however not in this thiegis
frequencies which are integer mulaplof the fundamentélequencyInteger harmonicsan
be divided into odd and even integer harmonics depending on whether their frequencies are
odd or even integer multiples of the fundamental frequenitii the odd harmonics being
overwhelmingly more common in the powerteys [4,9]
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A further division of the odd integer harmonics into three harmonic phase sequences is very
useful. The method gthase sequence componegitsws transformation of any unbalanced

set of thregphase voltages or currents into three balancedAgissitive-sequence set with

the same phase sequence as the normaltpihese system #-C), a negativesequence set

with opposite phase rotation {B-B), and a zeresequence set with no phase rotation (same
phase angle for all three phase$). [

An important subtype of odd integer harmonics, consisting ofgegoience harmonics, is
triplen harmonics. These are odd multiples of the third harmonidyave. frequencies of

3, 9, 15 etc. times the fundamental frequency. Since triplen harmonjpedoeninantly
zerosequence harmonics the triplen harmonic contributions from all three phases will be
added in neutral conductymwheresuch existand therefore triplen harmonics might have to
be given special consideration in some ca$}s. |

Integer harronics are caused by nonlinear loads and other nonlinear equipment in the power
system[9]

3.6.2.2. Interharmonics
Interharmonicdave frequenciesigherthan the fundamental, but not integer multiples.of it
Main sources of integer harmonics include frequency edeass, cycloconverters, induction
furnacesand arcing devicesnterharmonicsre often load dependent, i.a@enot cnstant
over time, angbroductsof frequency conversior4,9]

Interharmonicdiave been known to cause flicker (see Chapter 3.3.13landoscillating
power frequency variations (see Chapter.38])

3.6.2.3. Subharmonics
Subharmonicéave lower frequencies than the fundameinégjuency These areare
harmonic disturbancept]

3.6.3. Notching
Notching disturbances are nsimusoidal, periodic wavefm distortions and, as the name
suggests, consist of notches in the fundamental sine wave component. This is caused by the
commutation of current from one phase to another during the continuous operation of power
electronic deviceésee Figure 7)9]

1000 —
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Figure 7. Voltage notching caused by a thrpbase converter{9]
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Excessivdevels of notching can lead ppoblems in the operation of sensitive communication
or dataprocessing load$1]

3.6.4. Electric Noise
Electric noise (or electrical noise) is made up of lmagnitude electrical signals from a broad
frequency spectrum lower than 200 kiNise is commonly used to describe all sorts of
unwanted waveform distorting signals which cannot be classified as harmonics, notching or
DC Offset or sometimes as an evermader term[9]

There are numerous possible sources inclufdiolfy connections in transmission or
distribution systemsarc furnaceselectrical furnacegpower electronic devicesontrol
circuits welding equipmentoads with solidstate rectifiersimproper groundingand turning
off capacitor banksas well asadjustablespeed drivescorona andinterference with
communication circuit44]

Electric noise can have negative effects orojperation of electronic devices like
microcomputers and pragmmable controllerg4]

3.7.Power Frequency Variations
As the name suggests, power frequency variations are deviations from the desired power
frequency, in Sweden 50 Hz. The main cause is a discrepancy between active power
consumption and generationhich caises changes in the rotational speed of
electromechanicaeneratorsFaults can also cause frequency variatifsis
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4. Mitigation Methods for Power Quality Disturbances

Here follows a general review wfattheoreticaimitigation methods are availablerthe
different types opower quality disturbance$hisreviewdoes not claim to be all
encompassing, but the aim is to include the most common and some promising new
mitigation methods and to list least one mitigation method for each of the disnecbdypes
reviewed in Chapter 3, even though some disturbance types are very much more common
than others.

The focus of this review lies on mitigation devices rather thiigation through thelesign

of the power system and tpeoduction faciliiesand badsconnected to itThis review is too
general and brief for it to encompatssign issues. For wind power applications, a more
detailed reviews done in Chapter 6, which encompasdisturbance mitigation through
production facility design as well #sroughmitigation devicesMany of the devices listed
here in Chapter 4 are primarily used for load protectiohin wind farms. Thigs not
surprising since distributed generation and wind poweca@rgaratively new additions to the
power system. [9]

Most newly developed mitigation devices use power electronics. Treeseramonly
referred to aglexible AC Transmission Systems (FACT3vices(or Custom Power
Devices when applied in the distribution system$imply active mitigation deviceSBlames
ard abbreviationsor specific device mentioned belawnay also vary somewhakhere is
constant development within this category of mitigation devices, with new combinations
control systems etc. appearing frequemrmittingnew application areas and her
efficiency. This review includea range ofctive devicesvhich represent the usual building
blocks of FACTS, without claiming to include every variation of this popular theme. [2,5]

4.1.Voltage Dip & Short Interruption Mitigation
By changing the structarand/or operation of the power sysi¢he frequency and severity of
dips and interruption can be decreased. Also, choosing equipment with high tolerance will
reduce vulnerability to dips and short interruptions. Apart from these measures, there is a
wide range of mitigation devices for voltage dips and short interruptions vahéckviewed
below.Also, SVCs and STATCOMee Chapter 4.4an be used for voltage dip mitigation.

[3]

4.1.1. Motor -Generator Set (M-G Se)
The principle of a motegenerator sgfM-G set)is that a motor powered lilge supplyis
driving a generator powerintpeload(see Figure 8)Between the motor and the generator, on
the same axis, are flywheels which can store and release rotational energy to compensate for
voltage drops in the pply. The inertia of the flywheels keeps the load voltage steady even if
the supply voltage dropproviding a so called ridénrough time This isthe time the load can
continue normal operation during a voltage digwomterruption. [29]

Disadvantagesf the MG set include sometimes high noise levels and maintenance
requirementsas well as the relatively large size of the equipment. Also, there are losses in all
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three machines and, because the-tieugh depends on inertia, the frequency and veltag
will drop continuously during rid¢hrough. [29]

There are ways dlleviatingthe latter of the disadvantages. Special types-@ bkts use a

so called writterpole motorinstead of the generator in the set. This machine is a special
synchronous genator which can produce constant 50-#fquent power even as the

machine slows. The polarity tier ot or 6 s isfcanegnuatly clpaogede changing the

number of poles of the machimgth each revolution. While the revolutions per minute are

heldaboe a certain value (by the flywheelsd ine
constantThis increases the rietrough time Another way of compensating the voltage and

frequency dropis by adding a rectifieiollowed byan inverter to the output of tlygnerator.

[9]

FLYWHEEL
MOTOR —n = GENERATOR
— —
|/ |
LINE — = LOAD

Figure8. Block diagram o&typical MG set with flywheel[9]

4.1.2. Constant Voltage Transformer (CVT) & Magnetic Synthesizer
Constant voltage transformers (CVTs), also called ferroresonant transformers, are basically
1:1 transformers excitdaugh on their saturation curves to provide an output voltage not
significantly affected by input voltage variations. In practice a capacitor is needed on the
output to achieve this highly saturated operating point (see FyU&3

o
power § E )

system %
o

— || E T
g g “oad
[

Figure9. Typical cicuit for a CVT. [3]

CVTs are most suited f@rotectingconstant, lowpower loads, whereas variable loads can
cause problems due to the tuned circuit on the output. The CVT should have a considerably
larger power rating than the loadstsupplyingfor effective ridethrough during severe

voltage dips. The highe¢heloading of the CVT, the more limitdteride-through capability

will be and if the CVT is overloaded the voltage can even collapse to 2ro. |
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Magnetic synthesizers have the same basicatipgrprinciples as CVTs, but aaévays
threephase devices. Thrgghase magnetics are used to improve voltage dip mitigation for
threephase loads 9]

4.1.3. Static Transfer Switch (STS) & Fast Transfer Switch
A static transfer switch (STS) uses power eledt®to switch between two independent
power supplies. If there are two feeding lines available, connected to different substations,
these can be interconnected with an STS to enable switching the loadfeéding lineover
to the other in case afvoliage dipon the first line.

An STS consists of two thrgehasestatic switches. The static switchesturn, eachconsist
of two antiparallel thyristors per phadéechanical switches can be used instead of SBi#s
even the fast transfer swit¢hthe fasest mechanical alternatives still several times slower
than an STS. [9]

4.1.4. Uninterruptable Power Supply (UPS System
Uninterruptable Power Supp({JPS systems normally consist of a rectifier in series with an
inverter, with an energy storage devicesafme sorshuntconnected in between the two
(see Figurd0). During normal operation the AC power from the supply is rectified to charge
the energy storage devif®@henchargng is reededl and during disturbances the DC power
from the energy storageavdice is inverted to AC power to supply the logd].

There are three types of UPS systems with respect to how and when the switch idGHgure
operated. In ©-line UPS systems the load is always fed through the UPS. The switch is a
manual bypass switcinever closed during normal operatidhis provides instantaneous
reaction time, but also generates conversion loSs@sdbyUPS systemdo not supply the

load during normal operation, but are bypassed. The switch is an automatic transfer switch
that svitches to the UPS when a disturbance is detektglorid UPS systems work in much

the same way as standby UPS systems, but have a voltage regulator at thesiagulibf

the automatic transfer swit¢b shorten the transfer time from the normal supplthe UPS

[9]

The energy storage device is normally a battery bank. However, theresaible alternatives
like flywheel energy storage deviceendsuperconducting magnetic energy storage (SMES)
devicesFlywheel energy storagesdices use higispeedlywheelsto store rotational energy.
These araisually operated in vacuum with magnetiatwegs to reduce standby loss€his

can be very size efficient and the continuous voltage (e Chapter 4.1.£an be

countered with control systems. SMES ideg store energy super cooled magnetic coils,
whichrequires somewhat more advanced poslectronics and control systetnst provides
faster energy delivery arfdsterrecharge cycleg9]
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Supply Rectifier/Charger Inverter Load

Switch

Energy Storage

Figurel0. General block diagram afUPS system.

4.1.5. Backup Stored Energy System (BSES)
Backup stored energy systems (BSE&Ko called ESTATCOMSs (see Chapter 4.4.2)e an
alternative to UPS systems. Here the energy storage deee&hapter 4.1.49 shunt
connected to the feeding line through a voltage satoneerter (VSC)which produces a
variable magnitude and frequency thpgease voltageA static switch(see Chapter 4.1.3)
disconnects the primary supply when a disturbance is det@etedrigure 11]3]

stati
switc

supply <h load
. r"”‘
¢ ! VSsC
]
energy
storage
device

Figurell. Diagram ofa BSES systerj8]

4.1.6. Static Voltage Regulator (SVR)
A static voltage regulator (SVR) is a dedicated transformer equipped with electronic tap
changers. The secondary winding is divided and thyristors connected to the winding segments
change the turns ratio of the transformer to campte for voltage dips from the supd3j}

4.1.7. Static Series Compensator (SSC)
In the static series compensator, also called dynamic vakagmer(DVR), an energy
storage devicésee Chapter 4.1.49 connected in series with the feeding linugh a V&
(contrary totheshunt connecteBSES see Chapter 4.1).5The voltage injectettom the SSC
is added to the supply voltagekeep the load voltage stea(bee Figure 12]3]

If you combine the SSC with an STS (see Chapter 4.1.3) you can providdyalsteh
voltage during both severe dips and interruptions in the distribution system (which the STS
handle well) and during dips in the transmission system (which the STS cannot handle, but

the SSC handle well). [3]
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Figure 12Diagram ofa SSC systenB]

4.1.8. Unified Power Quality Conditioner (UPQC)
If the energy storage deviogé an SSAs replaced witta shunt connecteédSC connected to
the feeding line upstreanr downstream fromi€ft or right of) the original series connected
VSC, the resulting device isalled aunified power quality conditioner (UPQCThe right
shunt configuration has proved superioseveral operational aspects. [2,5]

The UPQC can be seen as a combination of a voltage smureerter (injecting a series
voltage ) and a current smce converter (injecting a shunt curreit These converters have
a shared DC link with energy storage capasitdohey are PWMcontrolledthrougha UPQC
control system. The design is completed with ap@a8s and a higpass filter and a series
and a bunt transformeto electrically isolatehe connections to the line (see Figure 18).

The UPQC is a very versatile mitigation device. It can be used to mitigate waveform
distortions of different types, voltage fluctuations (flicker), voltage dipssaadls, as well as
unbalance and even lomlyiration voltage variations. However, due to their high cost and
often unnecessarily complicated structure compared to the problems in need of mitigation
there are extremely few UPQCs actually being used to@a). [
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Figurel3. Detailed configuration o right-shunt UPQC. [5]

21



4.2.Transients Mitigation
Impulsive and oscillatory transieavervoltage can be partly mitigated by grid design, for
example by bonding grounds and preventing surge currents from flowingdyetwounds,
but the following devices are also vitdhese devices can also be combined into so called
hybrid transient protectots increase performance. An example of this is found in Figlire 1

4.2.1. Surge Arrester & Tra nsient Voltage Surge Suppressor (TVSS)
Surge arresters and transient voltage surge suppressors (TVSSs) are more or less
interchangeable terms, even though TVSSs are usually placed and adapted for use at load
equipment. Thesghunt connectedevices limit the maximum voltage between two point
a circuit They can be divided into two subtypes: Crowbar devices and clamping de9jces. [

Crowbar devicesor gaptype devicesare open during normal operatiand shorcircuited
duringtransientovervoltags. They usually consist of gaps filledtlvair or some other gas

and duringovervoltags an arc connects the two sides. The obvious disadvantage of crowbar
devices is that the line voltage drops to zero during the tramsientoltage [9]

Clamping devices are usually very nonlinear resigi@gstors) which durig normal

operation appear opdrecause of their very high impedance. During trangieatvoltags,
however, their impedance drops rapidly with increasing voltage. The line voltage never drops
belowits valueatthetime whenthese @vices start to conduct the surge current, ensuring no
interruption of the load current (apposed t@rowbar devices)9]

Clamping devices are sometimes called metal oxide variditd¥/§), due to the fact that the
newer onesre almost exclusively mad®m metal oxides, e. g. the very common and
extremely nonlineariac oxide (ZnO). However, zendiodes and varistors madesificon
carbide (SiC) can also be used. It is also possible to combine MOVs with gaps to create an
instantaneous voltage dropthé beginning of a surge, but not all the way down to zero.
These added gaps are almost necessary for the older SiC arresters, because SiC is not
nonlinear enough in itself to provide cost effectbwervoltageprotection without then{9]

4.2.2.1solation Trans former & Low Impedance Power Conditioner (LIPC)
Isolation transformers are versatile power quality mitigation devices which among other
things are good for limiting transieavervoltags. Low impedance power conditioners
(LIPCs)are isolation transformergith low impedance and an output filtéiPCs are not as
good at low to mediumfrequen oscillatory transients, but are better at handling other
disturbance type$9]

4.2.3. Low-Pass Filter
Due to the often very high frequency content of impulsive and dscillransients, lowass
filters can be quite effective. These filters are often comprised of inductors in series with the
line and shunt connected capacitors on either side of them @air@yit) or simply a series
reactor and a shunt capacitf8]

22



Input ¥ — Protected
Line 4 il Line
Gap-Type Low-Pass Filter MOV
Protector '

Figurel4. Hybrid transient protector.q]

4.3.Waveform Distortion (Harmonics) Mitigation
Waveform distortion mitigation is usually focused on harmonics, mostly integer harmonics,
since this is the most commoype of waveform distortionAs previously metioned the
UPQC(see Chapter 4.1.8pn be used to mitigate many diffetéypes of waveform
distortion [9]

4.3.1. Zigzag Transformer
Zigzag transformerare basically wye&onnected transformers with two interconnected
winding halves per phase, the nasbemmingirom the zigzag pattern formed by the positions
of the interconnected winding halves. Zigzag transforrilégs triplen harmonicgrom the
neutral conductor, reducing the neutral current back towards the supply and preventing
overload in the neutral coadtor.The triplen harmonics are trapped in the transformer
windings.For this to be effective the zigzag transformer needs to be placed clossdorite
of the harmonicq9,10]

4.3.2.1solation Transformer
Isolation transformers, especially if equipped vathelectrostatic shieldan be quite
effective in reducing electric noise, voltage notching and other waveform distortions as well
as transients (see Chapter 4.2.2). This mitigation method works both ways; i. e. shields both
the loadfrom disturbances fra the gridand the grid from disturbancé®sm the load[9]

4.3.3. Magnetic Synthesizer
Magnetic synthesizers using nonlinear chdkeductors)to achieve line isolation produea
output voltage witta clean waveform and little harmonic distortion. This methlso utilizes
a zigzag transformexs part of its mechanisng][

4.3.4. Passive Filter
Filters consisting of passive componemo$étlyinductors and capacitors) can be tuned to
filter out harmonic frequencies. The most common types are phasive filteravhich divert
the harmonic currents away from the line. These filters come in many configurations and
somecan be tuned to divert specific harmonic frequencies. Normalhaemof LC-filters
tuned to different frequencies plus a higgss filter are used toquide a complete protection.
[2,9]
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There are also series passive filtevhich basically consist @n inductor and a capacitor
connected in paralleindseries connectedith the line These filters aréuned to provide
highimpedance at certain harmorfrequencies to block them. Series passive filters are also
usuallyused together with shunt passive filters to arrive at a complete prot&sioes filters

are less common than shunt filters because they need to be able to handle the whole line
currert as well as occurring over currents and series filters also have more losses associated
with them than shunt filterg\lso, low-pass filters can be used (see Chapter 4.[BB).

Disadvantagesf passive filterare th& potential to of interacting advealy with the power
system andhe reactive power produced by included capacitors, which may not be de&fjired. [

4.3.5. Active Filter
Active filters use power electronics to filter harmonitise working principle of an active
filter is as follows (see Figure 15Jurrent is stored in either an inductor or a capacitor. The
line voltage or current is meticulously monitored to map thesmousoidal nature of the
distortedwaveform. The stored current is then injedt@dugh power electronicd the
precisely rightime instant anavith the exactmagnituderequiredto compensate for the
harmonics in the waveforms. For examplenegative sequence (see Chapter 3.6.2.1)
harmonic component can be counteracted by injection of a component with the same
frequency and magpude but the opposite phase rotation. Active filters are not susceptible to
resonance and can work independently of system impedance. In addition they can target
multiple harmonics at once by injecting current containing multiple frequency compohents.
fairly sophisticatedontrol systenis needed for active filters to wobutsuch a control
system can also be programmedrake the filtersid in reactive powetompensation.
[2,9,1]]
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Figurel5. Principle operation of an active filter.
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4.4 Voltage Fluctuat ion (Flicker) Mitigation
Voltage fluctuations in themselves cause little harm to the power system. Voltage fluctuation
mitigation therefore tends to focus almost exclusively on flicker mitigation. There are two
major methods for flicker mitigatigriboth pimarily used for reactive power compensation
but also for flicker mitigationThese two methodsill be reviewed separately below, but
there are also other methods available. Active filters can be tuned to reduce flicker.
Reinforcement of the grid and céukeselection of iafeed to arc furnacgsevent flicker from
developing. Also, insertion of series devices such as capacitors, linear or saturable reactors or
anti-parallel thyristors in series with a reactor can mitigate flidkerthermore and as
previously mentioned, the UPQC can also be used for flicker mitigation (see Chapter 4.1.8).

[3]

4.4.1. Static VAr Compensator (SVC)
Static VAr compensators (SVCs) use passive elements to generate and absorb reactive power
These passive elements usually consist ahtines, one branch with a thyristontrollable
reactor (ICR) and a number of thyristor switched capacitor (TSC) brantthiesalso possible
to have a TR together with fixed capacitor bankswithout capacitors altogethérhe latter
desigrs, along wth branches with filteraremore common for flicker mitigation purposés.
Figure B an example SVC with@R, TSC and filter branches is display@ddisadvantage
of SVCs for flicker mitigation is their slow response time9]2,

1

iai
biaiz

Filters

Figurel6. SVC with aGRtwo TSCs anfilters. [3]

4.4.2. Satic Synchronous Compensator (STATCOM)
The STATCOM (or D-STATCOM when applied to the distribution systesi)he common
name for a shunt connected, foxmmmmutatedsee Chapter 5.1.3PWM-controlled VSC
mounting IGBT9possbly with an energy storage device behindée Figure 1)7
STATCOM is short for static synchronous compensalbe use of IGBT$ instead 6GTOs
which was common earliérand PWMcontrol provides a fast response and makes the
STATCOM suitable formitigating fast disturbances such as voltage dips as wicleer.
These devices can generate and consume reactive powean aridresting feature is that they
can also contrahe active poweif the VSC is equipped with an energy storage de\i;&2]
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Figurel7. STATCOM with optional energy storage.

4.5.Voltage Swell Mitigation
Voltage swells are rare occurrences which normally do not require special mitigation.
However, fast transfer switchaad UPQCs (see Chapters 4.1.3 and 4.1.8 respectbazi\he
used for this purpose and other typeswdrvoltagemitigation devices mentioned in this
review might provide protection against swells as v&]l.

4.6.Voltage/Current Unbalance Mitigation
SVCsand UPQCgsee Chapter 4.44dnd 4.1.8 respectivélgan be usgto correcturrent
unbalance by generating or absorbing different amounts of reactier par different
phasesSSCg(see Chapters 4.1.@hd UPQCsan mitigatevoltageunbalance if an
appopriate control system is usethe approach needs to be diéfet for voltage and current
unbalance, since adjusting the voltage requires a series device and current adjustment requires
a shunt devicéhis is briefly explained when the UPQC is described in Chapters .43].8)

4.7.Power Frequency Variation Mitigation
Power frequency disturbances are, as previously mentioned, caused by a difference between
generation and consumption of active power. Therefore correcting that discrepancy mitigates
power frequency disturbances. [5]

4.8.Long-Duration Voltage Variation Mitigation
Long-duration voltage variationsan be handled in many different wayap-changing
transformersi. e.transformers witlthangableturns rati®, are commonly used to correct
under andvervoltags. Alsq the followingpreviously mentioned isolation dees can
provide mitigatiornto a certain extent for most lowyration voltage variation$a-G sets,
CVTs, magnetic synthesizetdPS systemsSVRsand UPQCs (see Chapter 4.[B)

In addition to over mentioned mitigation methods, various forms of impedampensation
devices can be used for ledgration voltage variation mitigation. These include shunt
capacitors installed at system buses and series capacitors on lon§Vi@ssthough slow
with respect to flicker mitigation (see Chapter 4.4.1), &e wellsuited for mitigation of
these slower longuration voltage variatior2,9]
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5. Wind Power, A Brief Introduction

A modern wind turbine consists of the followipgrts A tower, a otor anda nacelle The
nacelle containthe drive trainthegenerabr and often power electronics, protection systems,
communication systems efthen, there isyaw system used to steer the ratoresponse to
wind direction changed here caralsobe a blade pitch adjustment systasedto influence

the rotor torquerad/or help withpitch-control (see below)y rotating the blades around their
longitudinalaxes This list of components only applies torfzontal axis turbines which are
overwhelmingly more common than vertical axis turbiffdsee most common types of
horizontal axis wind turbines are review@dChapter 5.1[13,14]

Most horizontal axis turbines have three rotor blades (see cover picture). They utilize the
force of lift of the wind on the rotor blades to produce rotation. The blades are shaped so that
an overpressure is created on the underside of the blade and an underpressure above it. This
lifts the blade and starts rotation4]1

Vertical axis turbines, such as Darrieus anrDadrieus(see Figure 8) types,existbut have

not as of now been veryatessful.They cannot generate as much power as horizontal axis
turbines, but can be built very small. Experiments are therefore being conducted regarding
their suitability for smakscale urban wind power generation systems, e. g. placed on roof tops
of gpartment buildings.g,14]

Figurel8. H-Darrieus tybesmallvertical axigvind turbine [15]

The purpose of theind turbineis theconvesion ofthe kinetic energy in the air into
electrial power.Equation 1shows the formula for the pow@?) containedn the wind

moving through an area (derpendicular to the wind velocifg,); |} i s t he air
[13,14]
s p ” pAY ]
U —-Z z (0] z
C P
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Thepercentagef this wind power P that a wind turbine can capaméd convert into
mechanical rotational powes given bythe power coefficient,, which has a theoretical
upper limit of 59.3 %(At least 40.7 % of the kinetic energy must remain in threvior the
air not to start blocking the rotor instead of moving on.) feehanical power is then
converted into electrical power through the drive train and the gend1@;14]

The withstand strength to mechanical loads is the key design paréoneterd turbines. An
example is thatisingthree bladeger rotor is obviouslynore expensive thamsing two.
However,most wind turbines still have three blags®n though it is completely possible to
design a tweblade rotor This is becausevo-bladedwind turbinesmustoperate at higher
rotational speeds and therefore the two blades need to be lighter and stiifeh means
more expensive, so factoring in the mechanical withstand strength leads toibtaided
rotors being superior after gJlL3]

The turbine must somehow be kept from rotating too fast. This can be accomplished by
designing the blades to either spill the extra energy or go into an aerodynamic stall above a
certain wind speet these methods are called piobntrol and staltegulation respectively

The turbine also hasaut-in wind speed, i. ealowest wind speedt which it can generate

power efficiently The turbine is only started if the wind speed exceeds thea @ihd speed
[13,14]

The development in the wind power sedtas been rapid these last few years, with advances
in both new turbine types (e. g. gearless synchronous genendiioies[16] and transverse

flux machine turbines [2]) and improvements of existing designstmstructiarger and

more efficient wind pwer plantsTaller and higher power wind turbines can produce more
stable power because of the higher wind speeds and lesser turtatlbrgieer altitudes

Today, 2- 4 MW turbines are very common and 6 MW turbines are available and

beginning to incease in numberdhe development has also gone towards larger wind farms
and thereforeonnections atigher voltage levels. Many wind farms are today being
connected at medium voltage levels and the largest ones ahertranhsmission leve[8]

Groupirg wind turbinedo formwind farms haseveral advantageBirstly, power generation
variations on a short timgcale from individual turbing®. g. due to turbulence or wind
gusts)can be smoothed out to a stable average. Secondly, you have the possilmiking
cheap turbine types (fixespeed turbines, see Chapter 5.1.1) with more controllable types
(variablespeed turbines, see Chapters 5.1.2 and 5.118pte cost effectivelgontrol the
wind turbines and als@duce power quality disturbanc&¥ind farms also allow for
centralization obothdisturbance mitigatioand grid connection equipmenmte. you can use
just one or a few devices for a whole wind faorachieve these aimi$,18]

The voltage level of modern wind turbinesusually 690 Vor 400 V.Each turbine is then
equipped with a transformer to transform the voltage to the main voltage level of the wind
farm (generally in the medium voltage range, e. g. 10 R¥}his voltage levetables

connect the turbinemdiallyto a common pait. Mitigation devices can be placed at this
point, or at the individual turbines. After the common paimdjust before the point of
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common coupling (PCC), where the wind farm is connected to theagiagdger transformer
transforms the voltage to matttte voltage level of the gridror large wind farmshe PCC
usually consists of a substatioB,18,19]

5.1.Wind Turbine Types
There are three basic types of wind turbines being used,tallay them horizontal axis
turbines which are reviewed belaw hesehree types are used to about equal extetite
power systemThis should, however, not be misinterpreted as thalighree types are being
built to an equal extent. Up untitaund a decadago fixedspeed turbines (see Chapter 5.1.1)
were dominant &écause they are cheap and simpléeir designi and further back it was the
only type available of the three. At present, fiked-speed turbine type and tharrowrange
variablespeedturbine type with variable rotor resistances (see Chapters hid 3. 2
respectively) are almost never producexteptin very small sizesThe DFIG subtype of
narrow range variabispeed turbinegsee Chapters 5.1.@)as very common during a period
when fixedspeed turbines were phased, duit now DFIGs are almogthased ouas well
Today,broad range variablgpeed turbinegsee Chapters 5.1.8)e the overwhelmingly most
commonly built types. These types are more controllableandherefore be made more
efficient. The three typesause diffeent power qualitylisturbancedyutall wind turbines
produce(long-duration)voltage variationslue to the intermittent properties of wind power.
[18,20,21,22,2324]

5.1.1. Fixed-Speed Turbines
Fixedspeed turbines use induction generators thghusual closetbop rotor winding. This
design means the turbine is constructed for maximum efficiermyespeedHowever it is
common enabling the stator winding to change between falsia poles to provide two
efficient speeds instead of one. Between the rotor and the gerseggarbox is placed due to
the much higher rotati@h speedf the generator compared to the rofidre rotor speed is
fixed and set by the ratio of the gearbox and the number of poles in the gefi&Bal8}.

The generator is connected directly to gd; preferablythrough a soft starter to avoid high
inrush currentgsee Figure 9). Also, shunt capacitor banks are needed to compensate for the
reactive power consumptiaf the generatgisince reactive power control is not possible for
fixed-speed turimes. Major advantages of fixebeed turbines are low cost, simple and

robust design and low maintenance requiremengs. [1

Whenever a rotor blade passes the taivarmes into the tower shadow. For fixepleed

turbines this results in voltage fluctuatgwhich in turrcancauseflicker. The tower shadow

effect is due to théacts that as the three blades rothtsr collective altitudehangesSince

wind speeds are higher at higher altitudes this means a varying wind speed average resulting
in a varyng power productiorAlso, when the wind hits the towerrbulencds createl.

[8,14]

Voltage dips should not be caused by fespeéed turbines a soft starter is installed and used
properly.Fixed-speed turbines do also not under normal conditions peodarmonicsWhen
switching the capacitor banks on or off oscillating transients may d@tijr.
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Figure B. Fixedspeed wind turbine with soft starter and capacitor bank3][1

5.1.2. Narrow Range Variable -Speed Turbines
Two arrangements are possible for narrange variablespeed turbineg-irstly, there is the
more commordoubly-fed induction generatqDFIG) wherethe rotorwinding isfed through
a converte(see Figur0). Then there is alsa type identical to the fixedpeed turbine
except for its varidle rotor resistaneg which enablspeed variation through variation of the
slip. A gearbox is required for both of these arrangemamtisthe turbines often have four
stator polesjust as for the fixedpeed turbinesThese two topologies allow the gester
frequency to differ from that of the grid, within a narrow rarj8,16,18]

DFIGs have been the most common of the narrow range vaspbésl turbine types in recent
years. DFIGs have the advantage dweiad range variablgpeed turbinesf beingless

expensive, since their converters can be dimensioned not after the power rating of the entire
turbine but the power needs of the rotor oblizIGs have also had the advantage of being
more similar to fixeespeed turbines, which made them more attraaturing a transitional
period.Lately, however, the DFIGs have been largely replaced by the more contrbhadde
range variablespeed turbineg13,14, 21,22,2324

ﬂ Generator

i

Gear Converter
box

Figure20. Narrow range variablspeed wind turbine with doublfed generator. [13]

Depending on the choice of turbine arrangement the disturbances caused by narrow range
variablespeed turbines may closely resemble either fs@eked turbines (variable rotor
resistancs) or broad range variablgpeed turbinedFIG) (see Chapters 5.1.1&5.1.3
respectively) However, both arrangements can counteract the tower shadow effect to a
certain degree and thereby avoid flicker emissi{8)43]
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5.1.3. Broad Range Variable -Speed Turbines
Broad range variablspeed turbineor full-converter turbinesjse frequency converters
between the generator and the gsde Figur@l) where the voltage is first rectified and then
inverted to match the magnitude and frequenayefgrid. This makeshem very flexible,
able todraw rated power from the wind at eobd range of wind speedghis turbine type has
until a few years ago consisted solely of induction generators with gearboxes and this is still
the most common topology. However, thequency convertaalsoenables the use of
synchronous generators. Ifaage diameter, mulpole synchronous generator is used this
eliminates the need for a geartemdmakes a more compact nacelle possidla, 18,24]

P

—_—
—_—

Gear Generator Converter

U box

Figure21. Broad range variablspeed wind turbine with gearbox. 31

Turbines with induction generatoacemmonly have a power rating in the ranged2ViW

today. Using synchronous generators enables production of turbines with even higher power
ratings without the nacelle becoming too large to transparhineswith synchronous

generators rated at 6 M#fe currently operated in several locatiamsl because of the

compact nacelle designede turbines weigh about the same &% MW induction generator
turbines. The development is therefore towards synchronous generator tyjerutrter

turbines replacig the induction generator type, especially for large turbine §2224]

There are two types of inverters which can be used in the frequency converter. Line
commutated inverters are thyristor switched and therefore require grid connection to operate.
Forcecommutatedor selfcommutated)nverters usually use PWidontrolled IGBTs and

can be contited independently of the gri@oth inverter types can effectively counteract the
tower shadow effect and prevent high inrush currents. Therefore broad earadpespeed
turbines create no flicker emissions and cause no voltage dips under normal ogégjtion.

Thetwo inverter types both produce harmonics, but different frequeridiessmakes the

choice of inverter relevant for the choice of harmonics matiitigp devices The force

commutated inverter will produce higher frequency integer harmonics than the line
commutated invertebutthe forcecommutated inverter also produéeterharmonicsThe

latter type is the more common and the most versatile. \fite-commutated inverters you

can choose through the software (to a degree) which harmonic frequencies will be created.
[13,20]
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6. Wind Farms and Power Quality Disturbances

Thetwo major disturbance types that are always considered whetrwttirgy windfarms are
flicker andharmonics. Alsostrictlimits areusuallysetfor unbalance ancapid voltage

changes. Beyond these disturbance types wind farms are of course required to comply with
general power quality rules includimgthstand strengtto the dher power quality

disturbance types dealt with in the subchagttetow (see Chapter 6.3p1,22,23

When dealing with power quality mitigation in wind farms you must distinguish between
external and internal mitigatioithe terms internal and externat avith respect to the
turbine, not the wind farmExternal mitigation devices asdmostexclusivelypassive filters

in Swederand are applied outside the turbies often within the wind farpusuallyat the
PCC, to compensate for power quality proldaimat were unforeseen tmo severe for the
internal mitigation devices to handle. The internal mitigation deaoeshe primary
mitigation devices andre placed inside the converters of-tdinverter turbines which are
the overwhelmingly most commty built turbine typstoday Theyalsoconsist
predominantly opassivedfilters butthe majorturbinemanufacturersutfit these filtes with
power electronics to be able to change the filter parameters. This ibeltmese the

flexibility this offersis necessary to be able to manufacture one turbine rfoydalein

many different market&ountries)with different power quality demandéd/hen extreme
requirements are set for a wind faaahditionalpassive filteraresometimes added in sockets
in theconverters to improve mitigation. However, for this to be accepted by the manufacturer
the network owner making these demands has to provide adequate causstfmténmits.
Smaller manufacturers focused on one market might work primarily withvedgterswith
unchangeable propertibecause of their cheaper and simpler de$ifn22,23,24]

Passive filters, @th for internal and external mitigatiowill be describedn the harmonics
subchaptefsee Chapter 6.2.@)ecause harmonics are whatytimeainly mitigate Information
about internal mitigation devices is restricted by the turbine manufacturers due to secrecy
policies and therefore the description of these devioemcerning mainly the power
electronics usetb change the filter paramesérwill unfortunately bevery limited. [24]

The emission rules arelatively strictin Sweden and have been for a long t{exen though

there have historically existédop holes and blind spots in the regulations and remnants of
these may still exi¥tThere is a continuous process to improve the rules kavels,from the

IEC down to individual Swedish network owners. For exangileterSwedish laws

regarding the withstand strength of wind farms (where the Swedish rules have been generous
in relaion to other European countries) are expected within a couple of years 460 the
emission limits for harmonics have been sharp¢hedast few years in response to the recent
increased presence of nonlinear loads and power electronics in the poeer syst

[9,13,21,22,23]

In the subchapters below the following classification system for voltage levels js used

defined through the nominal voltage: A low voltage (LV)is O 1 Kk V, a medium

(MV)is1kVv<U,O 36 kV, a high vipOt k% &ndiitehighi s 36
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voltage (UHV) is U} > 150 kV.This classification i®ased on a division found the Swedish
Standard SSEN 50160) but is not an official classification systejg]

Since the focus of this report is on large wind powedpction facilities the focus will be on
connection voltages at HV and UHV voltage leyalhich also are the most common voltage
levels for new wind farms to be connected to toddy/attenfall in Sweden, for example,
wind farms are often connected t@ tHV grid for power ratings of 15 MW and above, which
with the currently common turbine size of 2 MW translates t@nly 4- 8 wind turbines.

Most wind farns being constructed today are at least this Bagbe allowed to connect a
wind farm to the Swadh transmission system (22@00 kV)the solitary network owner at
the UHV level in Swedervenska Kraftna§SvK), requires a power rating ob less than

100 MW, but usually wind farms connected there are é&rgerthan that(Wind farms with
power @tings of several hundrédW exist) Exceptions can be made under special
circumstancegq22,23 24,25

When a new wind farm isnder planning an application must be sent to the network owner
whose grid the wind farm is to be connected to. The network omiti¢hen have certain
demands regarding areas such as safety and power guabtty must be fulfilled for the

wind farm to be allowed to be connected to their.gfite network owner, being responsible
for the power quality of their part of the powestam, requires the wind farm operator to
sign a contract dictating the highéstels ofthe different power quality disturbance types the
wind farm is allowed to produ@nd must be able to withstarihe network owneis
responsible for setting these #&dsto ensure thathe power quality at theCCis within its
allowed limits. The limitdor the PCC in turn, are set tensure the power quality of a larger
part of the gricand so on.32,23]

There are two possiblaethodf setting tle allowed level$or the wind farmThe first is to

have general rules that apply equally to all producers and consumers connected to that part of
the grid. The seconahethodis to calculate emissioquotasfor each installationlt may vary

from network owner to networkwner which method is used for which of the power quality
disturbanceypes However, the second method is generally used for harmonics and flicker
from large wind farmg 22,23]

The second methadd performedaccording to the following principl&here areabsolute
upper limits of the emission levels fibre different voltage levels ithe power systeroalled
target Imits (TL; sv: Malgranser)All equipment in the power system must be able to
withstanddisturbance levels as high as thidien therearestricter limits calledplanning
levels PL; sv: Planeringsnivaer) which are used for dimensioning the sgtting general
emission limitsand distributing emissioquotasto the customers of the network owners.
When emissiomuotasare to be calculated farnew wind farm the existing levels of
emissionsnust first bemeasured and then a part of the remaining capacity within the PL is
assigned to the new wind farm. Usually the assessmevitaiemissionquotas to assign to a
certain wind farm is based ois ipower rating compared to the capacity of the, gsdvell as
on prognoses athedisturbanceemissions of the wind farni22,23]
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The prognoses should take into account the following: The normal operating mode today, all
possible modes of operation dugifaultsand maintenana®day and also all corresponding

modes of operation in the future for the duration of the estimated life span of the wind farm.
Naturally, assumptions and simplifications need to be made to be able to prapéacaliyn

these prgnoses. They are based on impedance calculatialbprts of the entirpower

system. So called impedanstors can be used for these calculations, where the impedances

of all parts of the system are represented by intervals of magnitude and pjlase an

Sometimes standard values are used or whole parts of the system are lumped together into one
impedancesector.The resulof the prognoseis a, sometimes rough, estimate of the

impedance of the entire syste[3]

Thesystem impedancelueproducedrom the prognoses given to the wind farm operator
along with emission quotas expressed in voltage terms fonwsdculations of disturbance
emission levels fronthe wind turbinesThe impedancgalueis needed since the operadics
emissioncalculatonsare basedn values for drawn current, not on voltage valiés
calculations requiredf the operator are also very complex since, to obtain a complete view of
theemissions that might at some point be caused by the wind farm, every combination of
wind turbines operating at every possible operating faind speedjnust be considered
including all operational modes where one or several turbines dieenfThe permutations

are too vastor it to be practically possible to provide a complgieture, hence the operator

must judge which operational modes to select for calculations to be performéteon
operatorods results must t he tatetvezifiedlypr oved by
measurements after the wind farm is connetadtie grid Thesemeasurements are, however,
only as complete as the wind conditions and operational status of the wind farm during the
measurement period permits. For example, if all tusoéme functioning well and are all
operated at the same time during the entiresomegnent period the calculation results of the
emission levels produced when some turbines arkneffwill not in fact be verifiedThe
selfimposedSwedish electric powendustry standards AMR26] and ASH27] i describing

what must be considered wheonnectig small and large winthrms respectively to the grid

T contain typical valuesdm measurements of power quality disturbances in wind faioms

be used if for some reason no appropriate measurement data is a@nps.

The PL, unlike the T, is dependent on the strengththe grid.(A common way of measuring

the strength of a grid is by using the shortuit power and a measurement of how well a
certain grid can support a certain wind farm is given by the-sivotiit ratio, which is aatio
between the shodircuit power of the grid and the ratagparenpower of the wind farn).

This dependency means that thed@h vary between different parts of the guithin the

same voltage level ante existing levels of emissions, of courasp vary from place to

place. The effect of this is that the same wind farm placed in two different locations at the
same voltage level may be assigned different emission quotas. However, the connection fee
will remain the same (as long as the network ewa the same and no strengthening of the

grid is requiredor connection to be possiblsince thideeis usually based on the power

rating of the wind farm. The choice of location for a wind farm can therefore be important for
this reason as well &g coursefor otherreasonssuch as the properties of the wind.
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Sometimegeneral PL values found in the Swedish Standard or the guidelines @r&vK
stated in this report, but geographic variations may still €28123,28,29]

Thepower qualityrules ofthe Swedish &andard are sometimes considered too generous by
network owners and their dosners. For example, allowindl % voltage variations at the
400 V level does not provide high enough power quality to satisfy most customers. This
results insomenetwork owner$avingstricterdemands than the Swedish Standard requires
for some power quality disturbance typ?]

When the calculations of the emission levels are done the internal filters of the converters are
adjusted to keep the emissions withllowed limits. The wind farm owner must then decide

if the power quality level should be made higher than required. Here thef ¢@sting high

power qualityi higher power quality means higher losées weighed against the potential
competitive edgé provides Usually the required levearefollowed. Adjusting the power

guality to match mmission quotass doneprimarily by adjusting the internatitigation devices
(filters). [24]

If, when theadjustmentsre doneexternalmitigationdevices areequired for some

disturbance types to fulfill the emission quatasre is a general philosophy in the Swedish
electric power industry to try to choose as simple and robust a mitigatitwoahrees possible.

The life sparof power system equipmeistso long ad reliability so important that simplicity
and robustness take precedencerdhexibility and eas@f-usewhen choosing mitigation
devicesThis is a major reason why active power quality mitigation devicespecially

based on advanced power electreraad with complicated control systeinare extremely

rare in the Swedish power eviennewinstallationsMore complicated devices have more
possible sources or error and are harder to troubleshioother reason is that active methods
are stillusuallymuch more expensiwban their passive counterpatfsirthermore, the rapid
development in the field of active mitigation devices can cast doubt on whether it will be
possibleto find spare parts anthaintenanc@ersonnefor these devices in a couple of

decades or if the current models will all be obsolete by then. Passive methods have in many
cases already existed for decades and will probably continue to exist largely unchanged for
several more decadeshoosing such methods is therefore considereteaisaestment and

a more easily justifiable one in the very long time span which must be considered for
investments in the power systej@l,23]

6.1.Voltage Fluctuations (Flicker) in Wind Farms
Voltage fluctuations in wind turbines can have the following eau€hanges in wind speed,
the tower shadow effect, blade asymmetry, blade bending and skewtdigwer oscillation.
The tower shadow effect and wind speed changes are the twgigreitantcauses of
flicker. The tower shadow effect will cause a stigbltage drop every tima rotor blade
passes the tower;e. three times per revolution of the rotor threebladed turbingswvhich
is why the term 3p oscillations is usdthe remaining possible sources are related to design
issues of specific compents, such as the rotor bladas.for most voltage variations, the
influence of voltage fluctuations and the severity of the resulting flicker are dependent on the
strength of the grid. If the grid is weak, i. e. has a high susceptibility to voltageeshang
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production facilities and loads, tkamevoltage fluctuations will be more noticealbtean in a
strong grid [8,9,13,14]

Quantifying flicker is diffialt T since flicker severitys a matter of perceptiohand usually
involves a lot of stepsf meaurements and analyses. Brief descriptions will follow of one
general methotbr measurements of the flicker leatla certain poinbn the gridas well as
methods directly related to wind power applications. For further details about the
measuremergrocedures | refer to theandards SEN 610004-15 (about the IEC flicker
meter) and S&N 6140021 [30] (about flicker measurementswind farms. [9,13]

The IEC hasgeneraktandardzed measuremennethodfor flicker severitybased on a series
of voltage and current measuremeatsa certain point in a power systefhere are IEC
flicker meters which perform these measurements according to the official mbdédlicker
meter performs five steps of measurements and analyses to @entlicker severityalue

[9]

1. The input voltage and current waveforms are scaeh internal reference
level.

2. The input isdemodulatd; i. e. the voltage fluctuatiois separatd from the
carrier signal.

3. The signals filtered to remove unwanted frequencies producedby t
demodulator

4. The signal is adjusted to compensate for the human perception of flicker. This is
necessary since the brésrthreshold for flicker perception varies with the flicker
frequencyA level of 10in the output from Step 4 corresponds to thvellat
which the flicker becomes perceptibléhere is a flicker curve that illustrates
whichrelativevoltage magnitude of the flickéine 1.0level corresponds téor
different flicker frequencies (see Figur®) 2(Generallyflicker with frequencies
arownd 10 Hzis noticeable at thiewestmagnituds.)

5. The data for the instantaneous flicker from Step 4 is processed statistically to
produce a probability function for the flicker severity at the measuring point.
[9,13]

Two concrete values, a shaerm (R1) and a longerm (R ) flicker severityvalue, are used

to setthe allowedimits for flicker emissionIn the generatase the calculations of these
values ardased on the probability function produced by the flicker métgenerafformula

for Pstis found inEquation 2 whereP, 1, Pis, P3s, Piosand Rosare the flicker levels exceeded
0.1, 1, 2, 10 and 50 percent of the time respectiVlis based on measurement data from a
period of 10 minThe formula for calculating,R? based on & is foundin Equation 3. By is
based on 1248 values; i. e. B is based on 2 h of data. §2,

At the UHV level of the Swedish power system the flicker Tithiat 95 % of the flicker

emissions during a week shall fulfilkPO 1. 5@ nld. 5. The correspond
are generally aroungstO 1 . O @ nOThesongterm TL value for flicker at the HV

levelis Rt O  1[2,28,29]
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Here follows an example of how to interpret the limits: If a wind turbine with thisskes
rotates at 30 revolutions per mingtee. 0.5 revolutions per secoritie tower shadow effect
will cause3p oscillationsat a frequency of 1.5 HEromFigure 2 it can be observed thtte
relativevoltagemagnitude of theoltage fluctuationgausingthis flicker disturbancenust be
below roughly 0.65 %o be below Bt = 1.0 i. e.not be perceivabl&hen the flicker will
comply with the shofterm PL for the UHV levelThis is of course assuming no other flicker
emissions are present in thes®m [8,27]
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Figure22. Flicker curve showintie limit for perceivable levels of flicker at different frequenciest][2
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Thegeneral formula for & in Equation 4s, however, not used for measurementsind

farms. The methafor wind farmsaredetailed in SSEEN 6140021 [30]. Here flicker
measurements are divided into two groups: Continuous operation and switching operations.
Both types of flicker arproblematicalmostexclusivelywhenusingfixed-speed turbines.
[13,21,23,30]

Themeauremenmethod for continuous operatianvolves using a fictitious referengeid

to arrive afflicker emission valug forthewind turbines without the measurements being
influenced by flickefrom other sources connectede samepower systemHicker
coefficiens ( ¢ ) aredeterminedor each wind turbine based &gr values calculated for
the fictitious grid (Rt sic), the rated apparent power of the wind turbing &d theapparent
shortcircuit power of the fictitious grid (Sic) (see Egation 4). The Ersic values are
determinedor different grid angle( ) and at different windrelocities( 3. The grid angle is
acquired from Equation 5, wherg ¥ the grid reactance ang R the grid resistanc§l3,30]
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The spread of flicker coefficients for each turbine resulting from the above calculations are
processegrobabilisticallyto arrive at one value per turbine. Then thevRlue for each

turbine can be calculated usinguagjon 6, where | Ss the shorcircuit power of the actual

grid (not the fictitious gridatthe PCCThe R valuefor the entire wind farm (&) gan then

be calculated from Equation 7, wherg Fs the Ry value forthe " turbine.The R for the

wind farmis calculatedrom Equation 3using12 Rt values [13,30]

Switching geratiorsi includingstarup at cutin wind speed, startup at rated wind speed or
higher andswitching between generatdr&analsoproduceflicker disturbancesHerethe
standardiSSEN 6140021 details how to determine the voltage change factorgh and the
flicker step factor (K ) for different grid angle¢ ¥ through measurements, simulations
and calculationsThese steps also involve using a fictitious grid and are perfdioned
scenario with maximum possible switching events per 10 ming@\;om) for Pst
calculationsand per 120 min period (bbr) for Pt calculations[13,30]

In Equation 8 and Equation 9 the formulas fer &1d Rt respectively for a single wind
turbinecan befound. The total B (Ps t) and Rt (P. 1) yalues for he wind farm arg¢hen
calculated by simply adding the contributions fromcalhnectedvind turbinesThe voltage
change factofk,( ) can be used to calculate ttedativevoltagemagnitude changeaused
by a single switching operation of a wind turbifie3,30]
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PL values at the HV level and below are set by the network owners (of which there are
several at this level unlike at the UHV level) and can therefore vary. What flicker emissions
are allaved from a specific large wind farm is, as previously mentioned, usually decided by
calculatingan emission quotdn AMP [25] and ASH26] there are general emissibmits

which can be used if the network owner decides to use a simpler paockssthenind farm

is not large enough to warrant calculation of specific emission qudtase emission limits
restrict flicker emissions from one sourcetg® 0. 35;0aB®d 2B for wind f al
connected to distribution networksang® 0. 1 0 f o connedted t redicnal ms
networks. The reason for the musthicterlimit at the regional level is that flicker

disturbances propagate very easily from high voltage levels all théwaghto the end
users[21,22,2326,27]

Flicker is currently not &ig problem in the Swedish power system. Emissions are usually
within allowed limits without having to emplaxternalmitigationdevicesfor flicker. This
because, as previously mentioned, flicker is mostly a problem caused bgpieed wind
turbineswherea the predominant turbine tygdeing constructed todayrefull -converter
turbines, which have internalflicker mitigation possibilities itheir convertes. Because of the
difficulties associated with quantifying flicker, measurements can sometimeatendic
problems which are not felt by any of the parties involved in the power syStece. flicker

is in fact only a problem when perceivéige emission limits of flicker mathereforenot
always be as rigidly followed as limits for other power qualityutisances[13,21,22,23 24]

6.2.Harmonics in Wind Farms
Harmonics in wind farms are ntbscaused by power electronic convertéligis means
harmonics ar@rimarily a problem foithe converterfed turbine typesPFIGs and full
converter wind turbines. This turn, makes harmonicsrmuchmore pressing concern than
flicker which, as previously mentioned, is mostly caused by fsfaekd turbines.
[21,22,23 24

6.2.1. Converter Types
Converters are central to the discussion of harmamdsthereforg¢he different typeand
components of converters will now be described in more d&ailverters can be divided
into direct and indirect converteiSince only thregohase generators are used in wind
turbines, all converters are also theaseDirect converters consist an AC frequency
converter (AC/AC converter) with two antiparallel power conversion bridges per phase to
facilitate conversion in both directionsdirect converters are comprised of a rectifier, a DC
link and an inverterThis setup is today the nornrfase in wind turbines. The DC link can be
equipped either with a shunt capacito achieve constant voltagenaking the converter a
VSC1 or with a series inductor to provide constant curfemiaking the converter a CSC
(current source convertegee kgure ). The inductor or capacitor is needed to facilitate the
energy transfer in the semiconductor bridges. Also, the larger the inductor or capacitor being
used, the smaller the ripple in the DC current will®iece the grid is usually inductiyvthe
CSCis the most common because it just needs to amplify the already existing appearance to
the generator of having a large inductive ldad,31]
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Rectifier Constant current DC-link Inverter
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Figure23. Basic model of £SC

The rectifiercan beone of the followingwo types:A diode bridge withseries connected
DC/DC converter (e. g. a steyp converter) oacontrollable rectifiewith power electronic
switcheg(see below)The latter type is more expensive and has higher losses but has
advantages such as improved regulation and proteétisn, achieving the bidirectional
conversion capability needed in wind turbines is much easier using a controllable réctifier.
PWM is used to control a controllable rectifier a rapid response time can be achieved and
harmonics in the generator current caréduced. [4]

There are different types of power electronic switches. The simplest are the thyristors, which
can be turned on by a control current signal at any time during the posithmehal of the
sinusoidal voltage. GTOs can also be turned ofind) this halperiod Power transistors are
even more controllable and can be switched on and off nearly arbitrarily. The most common
power transistor typfor use in wind turbines is the IGBT, which combines the properties of
MOSFETSs and bipolar transissenabling rapid switching at very low driving power.
Switching frequencies well into thélohertzrange can be used and IGBTs are therefore often
used when PWMtontrol is neededVhen IGBTs are used as switches a freewheeling diode is
connected antipallel to each IGBTo conduct current in the opposite direction of the IGBT
and for its protection. ThESBT is currently the most common power electronic switch type
for wind power applicationg14,19]

If the rectifier and DC link are properly choserdaontrolled the inverter, being the closest
link in the chain to the grid, will be the most impottaanverter panvith regard to power
guality. As previously mentionedhere are two major types of inverters to choose from:
Forcecommutated and lineommutatedsee Chapter 5.1.3} follows from the reasoning in
the previougpassagethat forcecommutated inverters are the most commonly used today,
since they mount PWMontrolled IGBTs and therefore are very much more flexible and
controllable than théhyristor switched linecommutated inverterg\lso, linecommutated
inverters create large amounts of low order integer harmonics, while-Bddivblled force
commutated inverters will produce very little harmonics below their (high) switching
frequency Furthermore, forc&eommutated inverters can be used for reactive power
compensation and, if certain specifications are sy helpn grid frequencystabilization
[13,14,31]
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6.2.2. The Fundamentals of Harmonics
As previously mentioned, there are three tygfdsaomonics: Integer harmonics,
interharmonicsandsubharmonicgsee Chapter 3.6.2n discussions of harmonics the norm
is that if no subtype is specified the main focus is on integer harmonics, igthehmost
common subtypdnterharmonicsare lessommon andlsosometimesssociated with an
integer harmonic ansubharmonicsre rarelnteger harmonics are usually referred to by their
harmonic number (h). This numbmultiplied with the fundamental frequency equiis
frequency of the integer harmic. Harmonic numbers are used to simplify mathematical
treatment of harmonics and to be able to use the same labels independent of the value of the
fundamental frequendywhich canvarywith the area of the world or the application in
guestion The fundanental frequency is represented by h;f £ 0 may refer to a DC offset
butthis is a less common representatidn example o waveform comprised of a
fundamentafrequencycomponent (h = 1) and &#armonicfrequencycomponent (h = 3)
can be seen iRigure 2. [1,9]

FUNDAMEMNTAL

THIRD HARMONIC

— FUNDAMENTAL + THIRD
HARMONIC

X

Figure24. Waveform comprised of a fundamental andr&tﬁarmonicfrequency component. [1]

The very common further division of integer
(h = 2, 4, 6, 8, ¢€é) i s wtedddthelpowsrisystenencludiogst equi
wind turbines only generate odd integer harmonics. Odd harmonics are created by

equipment which draws the same current waveform duringtbettositive and negative

half-periodsof the currentwhich must be the ca$ar e. g. rotating machines to ensure

smooth operation. Even integer harmonics can be genehatied) normal operation @ome

specific loads under certain conditions, but usually their presence indicates malfunctioning
equipment somewhere in the syst&men harmonics are therefore left out of most

discussions of harmonics in the power system or are at least given very little room; which will

be the case also in this thesis. [1,8,9]

Another previously mentioned and useful division of integer harmondisigson according

to which phase sequence is domindn&positivesequencé h = 1, thenedgatve 10, é) ,
sequenc¢ h = 2, brthez8rposequehc¢eh) .= 3, 6, 9, 12,¢€e). The
harmonics havpredominantlythe same phase ratat as the fundamental, the negative have

the opposite phase rotation and for the zero sequence harmonics all three phases have the
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same phase angle. The latter group may deserve special attention in some cases because the

fact that all three contributiorege in phase causes the zero sequence harmonic levels in a

potential neutral wire to triple. Since even harmonics are not interesting, however, the odd

zero sequence integer harmonics have been given a distinct name to be used when zero
sequence harmoniesr e handl ed specially: Triplen har mc

Interharmonicsin contrast to integer harmoni@sge usually transient phenomeoraat least
not constant over timénterharmonicgan appear as discrete frequencies or as a band
spectrumandsometimesppear as sidebands to integer harmonic frequefi@dse able to
generally discusmterharmonicghey are sometimes grouped with tmindariebetween the
groups placed at the integer harmonic frequencies. Sometitegsarmoniagyroups a
represented by the frequency in the middle of this interval and by the total RMS value of the
interharmonicsn the group For exampletheinterharmoniayroup between the #2and 2%
integer harmonic would be labeled 224 be represented by a $S&\&MS voltage value
Converterfed wind turbines can generatgerharmonicsespecially if the switching
frequency of the converter is variedusing harmonics which are integers of the switching
frequency to sometimes be integer harmonics and somatteesarmonics[1,8,9,13,27]

6.2.3. Quantifying and Measuring Harmonics
Quantifying harmonics is not as difficult as for flickelarmonic voltagdevels are presented
with their relative magnitude guin percent of the fundamental'he formula for gis found
in Equation 10, where s the RMS value of the harmonic frequency component ansl U
the RMS value of the fundamental frequency comporiehte i ndex fAho i n Equa
adapted to the harmonic numbers of integer harmonics, but the same formulapphdae
for interharmonics as welising norinteger values for.HThe relative magnitude is used for
setting limits to individual harmonic frequencies or frequency groups. However, a limit for
total harmonic distortion (THD) is alsalways set (see Eqimt 11).[2,9,27,29,30]

The THD value is a cumulative measurement of the harmonic distortion causethtggeit
harmonic frequencies deemed relevant to medsimerharmonics are not included in the
THD. The THD is the most commonly usedmulativemeasurement foharmonics. It is

used primarily for voltage distortidosut also for current distortion. YWen current distortiors
researchedpecificallyi for example in wind turbineisthe nametotal harmonic current
distortion (THC) value isometimesised insteadf THD; the THCbeingthe exact

equivalent for currents of the THDhe THOTHC is a good indicator of increased losses and
heat generation due to harmonics, but may sometimes be misleading (e. g. when assessing the
increased stress on capadteaused by harmonics). Therefore, it is important to know the
limitations of the THD value when using it to assess if harmonic levels are harmful to the
power systenor the wind farm itselfOther values than the THC, such as total demand
distortion (TDD) might be more suitable to use for current distortion measurements in some
cases due to these limitatiooisthe THD [2,9,27,29,30
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Measuring harmonids wind farmsis done followngthe standards SEN 6140021 [30]
andthe more gener&@SEN 610004-7. Herefollows abrief description of the procedures
detailed in these standard30]

When assessing the harmonic distortion from wind turbiressorements @l three phase
currerts and voltagesre performed for differeré¢vels of generated active power during a
time interval of 10 min. At least three 10 nmeasurement seriger phase curresind phase
voltageshould be performed. The reactive power is kept as low as podusiliig the tests
For wind farms the tests are usually performed at the. M@€nall measurement data has
been collected a discrete Fourier transform (DEBpplied(without any special weighting
functions)to all measured currents to evaluate the fraqueontent of the current. All
harmonics up to the #dnteger harmonigi. e. up to about 2.5 kHz in Swederp regulated
by the IECand shouldhereforebe specified.Transient harmonics e. g. caused by wind
turbine startup or switching between tudsi arepermissible to ignoren these
measurements because of their low impact on the power sySt2m30]

For fluctuatingharmonicssources such as wind turbinagerharmonicsare groupe@nd
labeledaccording to the principle mentioned aboMere specific instructions on how to
groupinterharmonicsip to 9 kHz are detailed in 8N 6100-4-7. For wind turbinestte

integer harmonis shouldalsobe specified agroups. When harmonic levels for certain
frequencies are very low they can be omitteat. this reason the THD measureminthe
Swedish Standaroinly includes integer harmonics up to h = 40 (instead of h = 50; see
Equation 11)since higher frequency harmonics are uncomimand alsmftentransientand

hard to measure correctlilso, trere are no specific limits forydor integer harmonics above

h = 25 in Swedebelow the UHV levelHarmonic frequencies over the™550" integer
harmonici depending on system propertiesause no disturbances to the power system itself
and are therefe not as important to mitigate. However, these high frequency harmonics may
still affect sensitive loads. [2,27,28,29,3(]

At present, there are no specifiedsfor interharmonicsn the Swedish Standaed any

voltage level(There is a TL at the UH\&lel stating that the total relative magnitude of
interharmonicshould be below 0.5 %l)his is mostly due to the fact thiaterharmonicsare

still relatively poorly understoodompared to integer harmonidsis, in turn, is because
interharmonicdiaveonly recentlyi due to the eveincreasing number and complexity of

power electronic devices and nbmear loads in the power systénincreased to levels which
sometimes cause them to require special atteritierharmonicsre currently being

investicated at many levels and more specific rules are likely to start appearing in the coming
years. The fact that there are no rules in the Swedish Standard as of now does not, however,
mean that the network owners are not setting demands in this area. insteads
interharmonicsare handled more on a casgcase basifor installations which are likely to
causdanterharmonics[2,9,21,22,27,28,29,30]
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The allowed levels, TL and Pbr THD and y, of integerharmonics presented in the

Swedish Standard areetivalues which 95 % of all the 10 min measurement vdtlescribed
abovg must be below during a week. For the UHV level theaSTTHD = 4 % while the PL is
THD = 3 %.At theHV level the THD limit is currently under consideratialong withsome

of the w limits. The w limits for the specific integer harmonics are divided into three
categories: Odd netmiplen harmonics, triplen harmonics and even harmonics. The limits are
stricterfor the two latter categories but the first category is the one cabsngdst
problems|[2,21,222328,29]

The most common harmonic frequencies internationally ar€th8"37" integer harmonics.
Some countries have big problems with these low frequency integer harnvéimidsurbines

do not contribute to the emissioofthe 3¢ harmonic since these emissions are not generated
by threephase converters, only singidase converters. This is ooethereasos why the

two dominant harmonic frequencies in Sweden are 'trn8 7" harmonics not the ¥. The

TL for the5™ and 7" harmonics at theJHV level are y = 2.5 % for both frequencies. The
corresponding Plareu, = 2.0 % for both frequencies. At the HV level the PL are 6 %

andu, = 4 % for the 8 and 7" harmonics respectively. Foy, limits for other fregiencies and
voltage leveld refer toSSEN 50160 [2] and the guidelines of Svk8[29]. Limits for

specific wind farms are usually determined by calculating emission quotas and are therefore
dependent on all the factors previously discussed in relatibnewiission quotas.
[2,21,22,23,28,29]

6.2.4. System Response (Resonance Effects)
The system response is@ry important factor in relation to harmonics. The system response
can be divided into three subcategories: System impedance at different frequencié®rcapa
impedance, andgesonance effect¥he system impedance calculations are done as detailed
the beginning of this Chaptdsut for harmonics they need to be done at the different relevant
harmonic frequencies as wdllsuallya simplification is madénere that the system
impedancas apurdy inductivereactince This is a very helpful simplification since the
inductivereactance part of the system impedancesasedinearly with the frequencgnd
this assumption islsofairly accurate sincéhe pwer system generally has dominating
inductive propertiesThe simplification allows for the use of Equation 12, wheris Zhe
system impedance at th8 harmonic frequency, h is the harmonic number, anid the
system impedance at the fundamentajliency.The impedance calculations can then be
performed only at the fundamental frequency, aisthgthe resulting £ beeasily
recalculated to allelevant harmonic frequenciasth Equation 12[9,21,22]

The values for the harmonic distortion produwetth this simplification will be

conservatively high. Howeveff, the results should prove too inaccuratglightly less
conservativeapproximatiorcould be made: A resistance value could be calculated as well for
the fundamental frequency and then beiasdunaffected by the frequenayhile the

reactance istill changedaccording tdEquation 12 Thisassumptions fairly accurate at least

for low order harmonic frequencies (where the most problematic harmareigsually

situated. The presencef shurt capacitors connected to the power systear the wind farm

will, howeverdecreas¢heaccuracy of thabove simplifications since the capacitive
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reactance part of the system impedance decreases, not increases, linearly with increased
frequency For sysems with large amounts of capacitatize must beonsideedin the
impedance calculations to arrive at accurate impedance values for harmonic frequencies
which makes the calculations much more comyi@;21,22]

O O P q

Resonanceffects betweethe power systerand the wind farncan caus@reexisting
harmonicon the gridto be amplifiedEvery grid containing both inductive and capacitive
elements has one or several natural frequencies at which resentrozeur.Since the
turbines of a wind farm are usually conneatadially usingcableswith predominantly
capmacitive properties smplified model of a wind farm connected to a gtahbe depicteds
in Figure 5. Thepower systenis approximated with a voltage souredan impedance,
here assumed inductivie, series The wind farms approximatedvith the capcitance of the
cables in parallel with @oltagesource with a serieaductanceepresenting the wind
turbines If the turbines are most accurately describedadtsigeor currentsources might vary
depending on the characteristics of the transformecanderters which in reality are a part
of the circuit as well, but here it is assumed thatleagesource is the best approximation.
Theinductance of th&ransformer betweetie wind farmandthe PCC is also included in
Figure 25. [8,9,23]

PCC

") Grid Cable capacitance Wind turbine

7mnr

Figure25. Smplified model of a wind farm connected to a grid.

Since the cable capacitance of the wind farm is usually very dominant for harmonic
frequencies the wind turbine leg can be ignored when Fidguie\2ewed from the grid side

of the PCC. Seen from thiglse the model will then have the appearance of a seriesrcait

and series resonance effects can amplify certain harmonics already present on the grid side of
the PCC. If, on the other hand, the model in Figlres Zeen from the wind turbines the @bl
capacitance appears to be coupled in parallel with the grid inductance creating the appearance
of a parallel LCcircuit. This means thahe same wind farm camplify harmonics due to

parallel resonancde one part of the grid and at the same time a@ypther harmonics in

another part of the grid due to series resonanca worst case scenario these resonance

effects can causseverenarmonicdistortion This occurs when a high level existsaafertain
harmonic frequency which precisely correspotwda natural frequency afpart of the grid.

[2,8,923]
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Network owners usually havinits for how much amplification a specific wind farms is
allowed to cause in the power systEnprevensevere resonance problerSence he
resonance effectsepend orthe strength and the natural frequencies op#re of thegrid
where the wind farm is connectfte limits sometimes depend on these factors as kel
example, the Swedish Standard motivates its lack of specific limitgettharmonicst the
HV level with the factthat the resonance frequencies of the grid at this voltage level are
generallytoo low for interharmonicgo be a problemsince interharmonics are usually only
problematic when amplifiethrough resonanc&esonance effects are generallystlya
problemat low order harmonic frequenci¢g,21,2223

Harmonics can appear to be a big problem simply because the power system is largely
designed considering only the fundamental frequency and therefore handling harmonics may
require differenmeasurements and mitigation techniguestclassic power system issues,

such as for example reactive power compensatiandlhginterharmonicss especially

difficult becausehey arerarelyconstantand since they are not multiples of the fundamental
frequencypone period othefundamentafrequency isnolongerenough to describe the
waveform(as it is for integer harmonigdn reality, however, harmonic distortion is seldom a
problemin SwedenMost often theemissions stay within the allowed limg. [9,22]

6.2.5. Mitigation of Harmonics in Wind Farms
To summarize the previous subchapterisen harmonic distortioat a wind farnreaches
levels that require mitigation this is usually a result of either too high emissions from the
t ur bcaomverters oof the wind farm amplifyingreexisting harmonice the power
systemtoo much.There arethreebasicprinciplesfor handling this problemReducim the
harmonicggeneratedby the wind farm suppressing the harmonics usmgigation devices
(passivdilters), andmodifying the frequency response of the power sysfegm.

Reduction of the harmonics generated by the wind farm is mostly a solution when excessive
emissions are predicted already in the planning phase of the wind farm project. This is seldom
an ecoomically or practically viable solution when the windnfeils already constructed

since it may involve alternative choices of equipment (e. g. converters), lo@atgiructure

of the wind farm Changing the characteristics of the convertera degre, is often possible
through software updates or slight modifications to the hardware, but #s®more easily

done during the construction of the wind farmatead of after its completio@ne reason for

thisis thatif secondary problems should a&ias a consequence of such modificatibes t
conditions for mitigating thee are much bettdvefore orduring constructiothan after[9,21]

When designing a wind farm it is therefore important to consider harmonic disturbances early
in the procesdn the earlystags you probably already have to deal with harmogasgsing
problemsinternaly in thewind turbinesto assure smooth operation without tower

oscillations etc. These kind of internal design issues of the wind farm (not pertinent to the
power gquality of the grid) might also require the constructor to consitgr fnequency
harmonicseven higher perhaps than thé"&fteger harmoniowhich as previously

mentioned is the highest order harmonic regulated by theAEtis stage you also have t

consider the wind farmdéds withstand strength
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to guarantee smooth operation and because this teguktedn the Swedish Standard
[9,21]

Modification of the system frequency response can be done hygastdintfilters, which will

be discussed further in coming paragrapbsuppress thgreexistingharmonicsAlso,
addingreactors in shurdr in series will change the natural frequencies of the system and can
alleviate resonance effects. Furthermoegacitors can be installed or existing ones can be
modified or moved to produce a changed system respf@jse

The use of passive filters is the overwhelmingly most commetinod formitigating
harmonicdan wind farms both externally and internallfassve filters meant foharmonics
mitigationhave mainly inductive and capacitive properteasd can therefore double as
reactive power compensatof&ince the reactance of induct@xs ) increass with increasing
frequency while the reactance of capaci(®fs) decreasgewith increasing frequency very
simple filter designs can provide a response tuned to filtespmdificharmonic frequencies.
As previously mentioned there ateeebasic types: Shunt filtere the most commoand
then there are alseries filtersand lowpass filtersShunt filters work by providing a low
impedance path to ground for the targeted harmonic frequencies wHiletizenental
frequency component passes by undiver&int filters are preferably used fmitage
harmonis mitigation since their main component is the capaaithich is a component that
resists fast chang@s voltage Passive series filters work instead by providing a-high
impedance path for the harmonics and thereby blocking those while allowing taenemtdl

to pass through the filter unhinder@&assive filters are used primarily for current harmonics
mitigation, since their main component is the inductor which resists fast changes in éurrent.
shunt and a series passive filter in their most basm &@n be found in Figure62) and b)
respectively[21,22,2332,33]

a) b)

== -

T

Figure26. a) Basic shunt passive filter. Basic series passive filter.

Passive shunt filters can be further divided into skigheed, doublduned andigh-pass
filters. The subtyps being described below are all singlease variants but it is also possible
to have threghase filters with for example deltannected capacitors to provide somewhat
different characteristics. For passive shunt filters to be installed the power sysgtine
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carefully tuned to avoid natural frequencies near the expected parallel resonance frequencies
of the filters. Also, the filters should be installed only at buses where thecsicoit

reactance of the system is expected to remain con3taisto avoid the naturajrid

frequencies changing to values closer than expected to the parallel resonance fregluencies
the filters But, the filters are more effective the clodery areto theequipment emitting

harmonics so an assessment must be madesvidest to place them. For wind farms you must
also consider the intermittent nature of the power production and the consequences this will
have on the harmonic emissions and the resonance effectd,%3,6,

Singletuned filters also be called notch,ragle frequencyor single branch filterds the most
common subtypef shunt filters Figure % a) depicts an ideal singtaned filter. In reality the
resistance of primarily the inductor has to be taken into consideration. This internal resistance
of the inductor, and also to a smaller degréthe capacitor, is usually depicted asesies

resistor The total impedance of the singlened filter can then be described with the formula

in Equation 13The resonant frequency)fi. e. thetargetedreque ncy wher e t he fi
impedance is lowesis obtained through Equation.18ince the resistance present in the filter

is a deviation from the ideal singlened filter characteristics there is a quality factorf(§D)
singletuned filtersdependent orhis resistance (see Equation 15). A highad@ueindicates

lower losses and sharper tunigagd corresponds to a low resistance valiehe resonant
frequency the inductive and capacitive reactance values are equal and the filter impedance
consequentlypurely resistive(see Equation 13)his makes the ingttive and capacitive
reactanceinterchangeable in the formula for [8,9,32]
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Singletuned filters create a parallel resonanegfrency below the resonant frequengy f

This parallel resonance frequency must not coincide with a natural frequency of the system or
a harmonic frequency with high emissions. Therefore, situgled filters are usually tuned to
a slightly lower frequencthan thetargetecharmonic frequencio create a safety margin
againstthanges in the impedances of the system or filter, e. godeenperature changes or
faults. Such changes can otherwise cdlisgarallel resonance frequency to drift too close to
the targeted harmonic frequency. If this happengch worse harmonic distorti@mould
ensuethanif the filter had beeomitted For example a singiuned filter for the 7 harmonic
usually has a parallel resonance frequency close td"tharfnonic which means a'5

harmonic filter is usually needed whenevef"@@rmonic filter is insta#id to counter the
effects of this parallalesonance even if thd"fiarmonic was not originally a problefis,6,9]
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Doubletuned filtersare designed to replace twimgletuned filters. They have two resonant
frequenciesvhere the filter impedanads low. An advantage compared to using two single
tuned filters isnore efficientuseof thecomponentgespecially the capacitorg)utdouble
tuned filtersare economical only in large sizéstypical doubletunedfilter is shown in
Figure 2. [9,33]

i
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Figure27. Doubletuned passive shunt filter

High-passshunt filters are designed to divert a whole range of harmonic frequencies to
ground making them the most suitaldiger typefor interharmonicsnitigation All

frequencies above a certain frequency cahedtorner frequencyr the cut-off frequencyare
attenuatedA high-pass filter which is to replace singlened filters mustonsequentiyave a
cut-off frequency lower than the lowest order harmonic causinglems.The different
variations of higkpass filters are usually classifidfttough thehighest ordeexponent present
in the denominator of their transfer functioAs1®, a 2% and a &' order highpass filterare
depictedn Figure B a), b) and g respectivelyThe filters in Figure & arejustexamples of
high-pass filters of theefirst three ordersmany variations and also higher order hjpgss
filters exist.The losses at the fundamental frequency decrease with increasing filter order
while high order higkpass filters tend to become less efficiantiltering. The resistances
provide a dampening effect which can be used to control resonance phenomena but causes
higher losses and decreased efficiency, especially at high frequ¢b@e2]
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Figure 8. a) I order highpass filter. b) ¥ order highpass filter. c) 4 order highpass filter.

Completely replacingingletuned filters with a higipass filter is not very common. High

pass filters whicthave a low enough cutff frequencyandcan attenuate harmonics to the
degree requiretb completelyreplacesingletuned filtersgenerally have too high losses
associated with them to be economically viable. Instehjh-passfilter with a higher cut

off frequencyis usuallyconnectedn parallelwith a chain ofparallel couplegingletuned

filters. The singlguned filtersare tuned tdargetthe most problematic of the low order
harmonicge. g. 8, 7", and 1) and the higkpass filter attenuates the higher order harmonics
(e. g. @aused by converters with high switching frequenci€bjssetup is called a composite
shuntfilter and can provide a complete protection against harmonics at a bus. However, when
installing composite filters it is important to know there are only lowléewkeven harmonics
present since parallel resonance frequencies will form betweaaljioeent singléuned

filters. These parallel resance frequencies often coincidth even harmonic frequencies,

for examplethe resonance frequency between therfilfer the &' and 7' harmonicwill often
coincide with the 6 harmonic frequencyHowever, a previously mentioneeven harmonics

are rare in the power systefb,32]

Passive series filter most often low&ry muchlike in Figure 3 b), comprised ot @apacitor
and an inductor in parallel placed in series with the Rassive series filteere less common
than shunt filterslue to the fact that they are placed in series with the main supply line and
thereforehave to handle the entire line current,l@lshunt filters only handle a fraction of the
line currentAlso, the series filters must be able to withstand all occurring over curfémts.
consequence is thatseries filtemust be larger and more robust than a shunt fatperform
more or lesshe same functiofalthough aimed more at current harmonics than voltage
harmonics, as previously mentionedimiting the resistance dghe inductor (and less
crucially that of the capacitor) to reduce losses becageater importancir series filers
and thereby the real series filter more closely resembles the ideal circuit in Fad)réat,
usually a series filter still has higher losses than a corresponding shuni&j@gr

A series filter is tuned to a specific frequency by means ofudrehoosing the capacitance
and inductance values of the components; the same Warthe singletuned shunt filters.
The values are chosémprovide as littlampedances possible at the power frequercy a

51



very highimpedancetthe targetedharmonic frequency. \WWen multiple series filters are used

to provide a more complete protection they daegd in series with each oth@ot in

paralle). Series filters also lacknaequivalent to thaigh-passshuntfilter, making them

expensive to use veim many different harmonic frequencre=eds attenuatioiherefore,

series filters are seldom used exclusively,ibwombirationwith various shunt filters.

However, sce series filters are placed in series with line tmyldbeused to changie
systemresponsgwhich might in some cases make a series filter useful for other reasons than
mitigation ofits targetecharmonic frequency6,9]

Low-pass filters are an alternative to higass shunt filterfor filtering out a whole range of
harmonic frguencies. A lowpass filter in its most basic form, comprised of an inductor in
series with the line followed by a shunt capacitor, is seen in Figuleo®-pass filters, just
like high-pass shunt filters, have a aff frequency and attenuate all frequeees above it.

The fundamental frequency component passes through the inductor and past the capacitor
unhindered. More complex lepass filters with for example capacitors on both sides of the
inductor (creating a pircuit) can also be usedlso, the varking principle of a lowpass

filter can be used as follows: A capacitor bank is installed on therdttage side of a power
system transformer and dimensioned to provide a suitablaffduequency together with the
transformed s | e a k a g e themnt induttanaethis setumvdll hinder harmonics
from the lowvoltage side reaching the higlltage side. For wind farms, this would mean
that harmonics caused by the wind farm can be kept from entering the power system by
installing a capacitor b&rjust before the main transformer at the PCRe cutoff frequency

of a lowpass filter can be placed low enougstto risk causing any unwanted resonance. If
the cutoff frequency is placed well below th& Barmonic frequency there are no significant
harmonic frequencies below the -@ff frequency that can be amplified by its parallel
resonance frequencig]

Figure29. Basic lowpass filter.

When dmensioningshunt filters thecapacity of the busust be considereas well as the
characteristics ahemissions of thearmonics sourc&’he magnitude of the currents the filter
might have to withstand during both continuous operation and faultsomcshsidered for

all filters, butas previously mentiondtiis is a more critical design issue for seffiéers.

Even though passive filters have low maintenance requirementddfoegome less efficient
with age;like all power system componenBrimarily, filter detuning is a problem. This can
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be caused by for example capacitor ageing and is mitigfateaigh normal maintenan¢e
extreme casa®tuning the filter or lowering the quality factoould be considered)6,9,23]

Here follows a general procedure for passive filter degigmarily focused on singieined

shunt filters When designingomposite filtercomprised ofnultiple passivdilters of

different types and orders the interaction between them must also be evaluated. Seimetimes
order to alleviate problems discovered in the evaluation pratesguality factor cabe

altered by adding resistance to introduce damping of the system req@nse

1. Select a frequency to tune the filter toThe selection is done based on
calculationsor measurementsf harmonic emissions from the harmonics source
(wind farm)or expecte@amplification due to resonancehe filter stuned to a
frequency slightly belowhe targetedharmonic frequency.

2. Compute capacitor size and the resonant frequencyVhen dimensioning the
capacitor the reactive power injection it causes must be considéed
capacitor can be chosen to provide reactive power compensation as well as
harmonics mitigation. The withstand voltage of the capacitor must be high
enough to allovavoltage rise across the reactor, which may sometimes require
it to be higher thathe withstand voltage of the bus.

3. Compute reactor sizeusingthe computedesonant frequency and capacitance
(see Equation 14).

4. Evaluate filter duty requirements such as peak voltage and current, reactive
power production, and RMS voltage according to thevemt IEC Standards.

5. Evaluate filter frequency responsdo make sure new parallel resonance
frequencies do not cause problems

6. Evaluate the effects of filter parameter variations within specified tolerance
intervals. There are always intervals of allowegeviations from the nominal
value for e. g. capacitance and inductance. Variations within these specified
limits can sometimes cauasignificantly changed performancetbgfilter.

[9]

The main advantage of passive filters, which makes thewhotimenant mitigatiordevicesfor
harmonics, is their simple, robust, and cheap design. Also, passive filters can be constructed
in large sizes (power ratings) aretjuireminimal maintenance. Furthermore, they can double
as reactive power compensators aaddt contribute to shedircuit currents. Disadvantages
include their tendency to cause resonance problems if not carefully tuned to match the power
system. Other noteworthy limitations include their dependence on the power system
impedance and their ibdity to adapt to changes in harmonic content, e. g. due to different
operational modes of wind farms, changes in temperature, and faults. Once installed,
changing the tuning of a passive filter is not very easily done. Their large size can also be a
disadvantage under certain circumstances. [5,6,9,24322

Generally, the lack of flexibility is a major weakness of passive filters. Increased flexibility is
the mainreasorfor using activecomponents to change filter parametarfor usingactive
mitigation devicesdased on power electronics (some of which are described in Chapter 4).
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