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ABSTRACT

SWITCH MODE CONVERTER BASED DAMPING OF PWM CONVERTER
WITH LCL TYPE FILTER FOR GRID INTERFACEOF RENEWABLE ENERGY
SYSTEMS

Usluer, Sebahattin Nadir

M.S., Department oElectrical and Electronidsngineering
Supervisor: Assoc. Prof. Dr. Ahmet M. Hava

DecembeR014,214 pages

This thesis involves design and simulation for switch mode converter based damping
of threephase LCL-filtered PWM converter widely used for gridterface of
renewable energy systenihe study involves the resonance damping of high power
voltage source converters connected to the gridL@a filters. The design is
verified by means of detailed computer simulations. The studsiadens eliminating

the resonanharmonics which resulis overvoltage/current stresses and leadhe

failure of the converter Several power ratings and operating conditions are
considered to provide a thorough performance evaluation of the designed system.

Keywords: Gridconnected VSC, PWM, twievel VSC, LCL filter, resonance of
LCL filter, switch mode converter, filter dampinagtive damping, passive damping,

wind energy
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YENKLENEBKLKR ENERJK SKSTEMLERKNKN KkEBEKE A
TKPK S! ZGE¢LK PWM ¢EVKRKCKNKN ANAHTARLAMALI
S¥N! MLENDKRKL MESK

Usluer, Sebahattin Nadir

Y¢éksek Lisans, El ektrik ve
Tez Y°neticisi: ao- . C

Ar a2084ik14sayfa

Bu tez, yenilenebilir enerji sistemlerim Kkabakegkyhldagneéelfa®z | é,

tipi daz de- Igieni K U (DEM, RPusdwidth aViodulation, PWM)
-eviritaisairtimené ve ayr ént-eelréanekd rezlglré mma al é K |
yée¢ksek g¢-klagy,nagée @i LS i mpii c isl¢ezrgien czerinden
bajl anmaséunda ol ukan rezonanseén anahtar|l
s°negmlendiril mesini i -erir. Tasarém -al ékma
aracéyla dojrulanacakter. Bu -al ékmada -evi
y ol a-an y¢kseeks!| geariinliinm/kaakyenmaj €t rol an rezona
s°negmlendiri | mesi el e al énacakt ér. Bu -al
tamaméyla eksiksiz ve kapsamlé bir bakar ém c

-ekKitli g¢- dejerie weghdekbel uandekmhakakuéf a
Anahtar Kelimelerk e b e k e y e DGV, iki seviyelKGKE,LCLs ¢ z ¢-@L- ,
sé¢zge- Jfanamams € amal és ¢ zgeev-i r neeSingkthl endi r

s°n¢egmlendi r me, pracgsa g ars °enngenrl jeingdii r me
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CHAPTER 1

INTRODUCTION

1.1. Background and Motivation

Wind power is a clean, freand fast growing renewable energy source which has
beenused in windmillsto grind grain, wind pumps to extract groundwatend
transportation using ships for centuries. After the discovery of electricity, wind
power ceased to be a local energy source instead it became an energy source that can
be transferred to distant area¢owadays, small residential or utility scale wind
generation has turned out to be very popular so as to minimize the dependence of

electricity production on fossil fuels.

An increased investment in wind power generation is seen from the global
cumulative installed wind capacity inFigure 1.1 [1]. The cumulative installed
capacity increases with an average growth rate of 2§e2% althoudp the growth

rate of 2013 ionly 12.5%. The total installed wind capacity is almost 318 BW

the end of 2013Moreover,globalinstalledwind powercapacity will double in five
years according to Global Wind Energy Council (GWEB#gsides,governments
ercourage the investors bgupplying grants, reducing taxesnd paying higher
prices for the electricity produced from renewable energy soufdes.reduced
installation cost of wind turbines (WTs) over time is also very attractive.

Despite the upward trenid wind energy production, the technology used in wind
turbines is not unique. A variety of designs both in control of Wad ianpower
conversion are utilizedThis makes WTs andind energy conversionemarkable
application arem The number of academublications on wind energy conversion

and controhasalso increased recently due to enlarged interest on wind power.
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Figure 1.1 Global cumulative installed wind capac{gourceGWEC)

Figure 1.2 demonstrates the block diagram of a WT. The conversion of wind power
to the utility scale electric power is summarized with the presentation of major
equipments used in WT$he kinetic energof the wind is converted to mechanical
energy and subsequently to electrical energy by electrical generators whose rotor is
connected to the blades via a mechanical sfidfe use of gearbox providing a
transition from low speed to high speed is optiategpending on the design of the
generator. The conversion of varying frequency electric power to the fixed
frequency utility interface is achieved using power electronics conve@ergerator

side converter and the grid side convedet together to comrt the unregulated
power atthe generator terminals to weéigulated utility scale poweMostly, the
connection to the utility is exerted via step transformers. Specifically for wind
turbines, the power electronics converter systems are named asenéngy
conversion systems (WECS3). addition to WECS control, pitch angle of the blades
is also controlled for regulation of the wind power at high wind speeds.

The use of gricconnected pulswidth modulation (PWM) voltage source inverters
(VSIs) has ben increasing in recent years. Especially for WECS, design economics
and controllability of the system are two main factors to select the proper topology
for the application. The badk-back inverter based direct energy conversion

systems meet the industr standards and provide cost effective solutions. The most



adopted topology on the market is still thewel; although, a trend towards
multilevel inverters to manage the increasing power levels isnaasdor wind

turbines[2]. The power rating of wind turbines typically starts from 500kW and

increases up to several megawatts.
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Figure 1.2 Block diagram of aypical wind turbine

Grid side harmonic filters are used at the output of the VSIs to achieve a satisfactory

attenuation of switching ripples. The vast amount of PWM ripple at the carrier

frequency and its multiples with the sideband harmonics in the ibve r 6 s

out p

current is removed via grid side filters; hence, total harmonic distortion (THD) value

of the grid current is minimized. Modern power electronic convertert Qkdilters
which are clearly superior to standdrdilters in terms of size, wght, dynamic
responseand PWM ipple reductio [3]-[8]. In Figure 1.3, the weltknown tweo

level PWMVSI topology with grid connection via darCL filter is illustrated.
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Figure 1.3 Two-level PWMVSI connected to the grid vIaCL filter

Despite the advantages IOEL filters, a resonance problem affecting the stability of
the overall system constitutes a major issue which has to be dealt @itHilters
are high order lowpass filters with firsorder characteristics at low frequency range.

The frequency charactetiis of anLCL filter is shown inFigurel.4.
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Figure 1.4 Inherent resonance problemldZL filter



At the resonanfrequencydefinedin (1.1), theideal LCL filter behaves as an infinite

gain amplifier for the harmonics excited by the inverter or grid originated
harmonics. These undesired harmonic components at the resonant frequency should
be suppressed to avoid overvoltage/current stresses and failure afhvérter.
Therefore, thdCL filter should be damped with proper damping methods in order

to operate safely.

0 0
006

" p
Q - 11
- (1.1)

For high power systems, the efficiency of the grid sideverter is very important.

The switching frequency of the converter is limited to a few kilohertz in order to
decrease the switching losses of the semiconductors hence increase the efficiency.
However, passively damping theCL f i | t er 6 s resonance by
elements into the filter produces undesirable losses which may increase up to 2% of
the converteros rated power . The | osses

expenses of the converter raise. Besides, thaesftig target is not satisfied.

On the other hand, the low switching frequency of the convedéuces the
controller bandwidthconsiderably Therefore, the resonant frequency of theL

filter and the switching frequency get closer. Actively dampingltié f i | t er 6 s
resonance via additional voltage/current feedback from filter capacitor or via
complex state observers is not applicable due to limited phase margin of the

controller.

Despite the resistive losses produced by passive damping, the resonaridyeoju
the LCL filter should be suppressed properly using passive damping as the simplest

and generally applied solution for high power systems.

1.2. Scope of the Thesis

Resonance damping methoafsLCL filter are primarily investigated in this thesis.

The degyn of LCL filter and control of multimegawatt grid side converters are also



stated throughout this study. As alternative to classical damping methods, two novel
damping methods based @witch mode converters are presented and analyzed
deeply. The compaon of dampingmethods soon to be mentionedgsen to
present a complete analysis on the resonance damplui@j dilter.

Resonance damping methods can be classified into four main categories: natural
damping (ND), passive damping (PD), active damp{A@®), and switchmode
converter based damping (SMCD). \ars studies proposing the abowentioned
damping solutions have been conducted in the literddjrgl1l]. ND approaches
using the converter side current feedback are applicable for small power rated
inverters upto several tens of kilowat{$], [8], [9]. Medium power inveers up to
several hundred kilowatts withCL line filters @n be damped using AD methods

[5], [9]. AD methods employ a modified current regulator via an additional feedback
from the filter capacitor not to excite any harmonics around the resonant frequency
owing to the high PWM carrier éguency. Nonetheless, applicationyaiving
multi-megawatt inverterallow only a few kilohertz switching frequency in order to
reduce the semiconductor losses hemoeease the efficiency. Consequently, the
controller bandwidth is limited and the resobharmonics cannot beontrolled (or
suppressgdusing AD. PD methods are valid for inverters having ktrall and

high power rating$7], [10]. However, the losses due to PD resistors can exceed 1%
of t he 1 nver t4¢ and seduceahe eflicienzyo sigeifrcantly. At this
point, the use of SMCD methods comes in to discussion. Auxiliary PWM converters
and reactive components can replace the damping resistadumyrg power losses

extensively while maintaining the ility of the overall systerfil1], [12].

The switching frequency is a limiting factor on the efficignarget of the WECS.
Figure 1.5 (a) illustrates the variation in the efficiency against switching frequency

in 1 kHz - 5 kHz range fora 1 MW grid side converterThe losses due to
semiconductor switching and conduction gess the majority afhe lossesApart

from the semiconductor losses, the losses due to grid side filters present an important
portion Figure 1.5 shows the efficiency resultsbtainedonly by calculating the

semiconductor lossemd obtained by calculating both the semiconductor losses and



grid side filter lossesThe selectedonvertertopology is twelevel and the applied
PWM methodis spacevecor PWM (SVPWM). The gate resistanca® selected as
default values of the loss calculatingpftwarewhereas the modulation index and
power factor are selected according to the specifications of the wind energy
conversion given in the following chapterst full load condition, 0.5% of the
syst embs rlastonm the fitaeleraentd1B8]sBy assuming the filter losses
constant against the frequency, approximate efficiency results are shown. Similar to
Figurel.5 (a), the variation in the efficiency amst switching frequency in 1 kHz

5 kHz range for a 3 MW grid side converter is showfigure 1.5 (b). It should be

noted that the efficiency curves givenkigure 1.5 does not count for the passive
damping losses. The calculation of passive damping losses and the effect of passive
damping on the systemb6s efficiency are

By observing the efficiency reduction due to increased switching frequency, it can
be inferred that each WECS design must have a predefined efficiency target. For
multi-megawatt systems, this target is set as high ®998since the losses beyond
1-2% ofthe system brings extra cost in tiog and design. Selecting the switching
frequency close t@ kHz for the 1 MW system and arouddkHz for the 3 MW

systemleads toenhancecfficiencyratinghence decreased losses.

Due to limited switching frequency difigh power systems, resonance damping is
ensuredby passive damping elements. The increased losses due to passive damping
are not desired; therefore, innovative damping methods shapdieed Design and
control of novel SMCD methods are investigatedtlms thesis. Two distinct
topologies are examined: transforremupled SAF (TESAF) based damping and
directly-connectedSAF (DGSAF) based damping. A detailed analysis of these
methods in terms of steadyate THD and efficiency ratings, dynamic perfonces

and power ratings is presented. As 3 MW being a common poweag ratthe wind
energy markefl4], SAF compensated 3 MW inverters are investigatetis study
Besides, resonance damping methods presented in this study are compared and
contrastecbn 1 MW PWM-VSI to depict a thorough ahais.
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Figure 1.5 Efficiency variation of(a) 1 MW and(b) 3 MW converters vs. switching
frequency

1.3. Thesis Outline

This thesis consists @evenchapters. First chapter introduces the backgitcamd
motivation. The increasing use of wind turbines atelvelopment of power
electronics in wind energy conversion systems (WECS) are stdtedlifficulties in

designing high powegrid-connected awvertersare presentedlhe augmentedise



of LCL filters for grid connectionrand the inherent resonance problem brought by

LCL filters arealso stated in the first chapter.

Chapter 2 includes an overview WIECS and grid connection requirements of the
multi-megawatt wind turbinesWind turbine (WT) toptogies together with the
power conversion strategies are described briefly. Power quality issues and grid
codes specific to Turkish Wind Turbines Network Regulation are stated. Grid types
depending on the stiffness criterion and grid current harmonicdatiegu are
identified. Besides, commonly used power converter topologiesWiis are
investigated.The pros and the cons of each topology are pointed out cléarly.
expanded review on badk-back connected converters is given. Requirements on
the power coverters and determining factors for the converter topology are stated.
Literature review oft he bi ggest m agenerdt@s dnd WECSOiIs  WT
conducted.Technical data of IGBTs used in the designs throughout this thesis are
given. The cost anckfficiency evaluation of the present WECS are stated and new

trends in WECS are discussed at the end of the chapter.

Chapter3 presents a review dhe hardware and controller design. Hardware design
based on the converter efficiency and converter optiinizais stated. The
requirements of the converter are gathered and theneffi@ency target is
determined.Switching frequency and D{nhk capacitor selection are mentioned.
The mathematical model of the system is given and the behavior of the system is
observedThe design of grid sideCL filter and the control of grid side converter

are given. The main blocks of thecontroller are discussedSpace vector
transformations from threghase to twegphase signals are reviewed. The grid phase
angle determinan using phase locked loop (PLL) is stated. AC currents and DC
voltage control loops are examinédgetherwith the tuning of the controllers.

Moreover, the stability assessment of the system ymitezero diagramss given.

In the 4™ chapter an overview of damping methods for power converters @h
line filters is givenBesidesadvanced passive damping methousstly used in high
power systemsare examinedSwitch mode converter based resonance damping

(SMCD) of high power, grieconnectd, LCL filtered inverters are presented. The



need for alternative damping methods is described. The theories of two distinct
SMCD methods, namely transformeoupled series active filter (FSAF) based
damping and directlgonnectedseries active filter (B-SAF) based damping are
investigated. Mathematical models of these methods are given and the frequency
responses are plotted. Moreover, controltloé proposed damping methods is

discussed.

Chapter Sdeals withthe detailed analysis of resonance dampimahods based on
stability, power quality, dynamic response, and efficiency. The analysis is conducted
via computer simulations on a BIW system. Te verification and detailed
performarce analysis of SMCD methods are givédynamic load, grid current
THD, and efficiencyanalyseson a 3 MW systenare clarified and two SMCD
methods are comparetihe proposed methods aa¢soverified on ahreelevel GL)

3 MW system. Moreover3L 3 MW DC-SAF compensated systeis performed

under distorted and unbalanced grahditions separately.

The comparison ohatural dampingdND), active dampindAD), passivedamping

(PD), and novel switch mode converter based dampirfgMCD) methodsis
conductedn a IMW system via computer simulatioirs Chapter 6Dynamic load
responses, grid current THD values for various load conditions, and total power
losses are compared and contrasted. Besides;dst and efficiency evaluation of
these methods are established and a summary of the investigated damping methods

is given.

Finally, in the7™" chapter, the conclusion of the thesis is presented and future works

are stated.
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CHAPTER 2

WIND ENERGY CONVERSION SYSTEMS

2.1. Introduction

In conventional power systemslectric power supplied by larggower plants is
transferred towards consumption centers over long distance transmission cables. The
quality of the power is continuolysmonitored by control centert® regulate the

power systemHowever, distributed generation systems including both rehksw

and norrenewable energy sources such as wind turbines, photovoltaic generators,
wave generators, small hydro plangd gas/steam powered combined heat and
power stations are being used nowadays. A wider use of renewable energy sources

in distribution networks are forecasted in the near future.

An increased attention on the wind energy conversion systamied to sigificant
development on power electronics in the last thirty yedifse wind turbine
technology started in the 198006es -with
MW wind turbines are installecbdlay. In the earlier works, the generators were
directly mnnected to the gridence wind turbines weracapable of adjusting active

and reactive power and controlling the voltage and frequekeyhe technological
improvements on power electronics increased, the need for a controlled interface
between the windenergy sources and the grid satisfied Therefore, the wind
energy is easily transferred to the power system by means of controlling active and

reactive power.

11



2.2. Wind Turbine Concepts

Wind power is received by specially designed blades placed on topowfea. In
modern wind turbines, the number of the blades is usually selected as three. The
rotational speed of muiiW wind turbines is typically 145 rpm as the tyspeed

of the blades should be lower than half of the speed of sound. This means that the
rotational speed decreases as the radius of the blade inciHasdésw speed of t

blade is increased via a gbak. The mechanical power is then converted to
electrical power by means of an electric generasoshown irFigure2.1 [15].

Mechanical Power Electrical Power

Wind power

Rotor Gearbox (optional Generator Power converter Supply grid
(optional)

%#@@ 9#)'%#

Consumer

i Power conversion & Power transmission Power canversion Power conversion & Power transmission
power control power control

Figure 2.1 The conversion of wingower to electric power in WEJ35]

Multi-pole generators may also be used to eliminate the gearbox; however, such
specially designed machines may not dféective in terms of costFigure 2.2
demonstrates the possible technical solutions of converting wind power to electrical
power having costant voltage and frequen¢l6]. I n todaydés wind turb
power transferred to the grid can be controlled at high wind speed. The control can
be done either by active stall or pitchntrol. As the power generated is proportional
with the cube of wind speed, the wind turbine should be shut off to protect the entire
system when the wind power goes higher. The speed where the wind turbine stops
generating power is named as-out speedBased on the speed control and power
conversion criteria, wind turbines can be classified into four groups: fixed speed
wind turbine, partial variable speed wind turbine, variable speed wind turbine with

partiatscale converter and variable speed wintihe with fullscale converter.

12
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Figure 2.2 Possible technical solutions for WECI%]

Figure2.3 below shows the main parts of a typical variable speed wind turbine (WT)

with active stdlcontrol [17].

wind.energy.gov

/
Wind direction

Wind vane

\Nacelle

Conerator High-speed shaft

Figure 2.3 Main parts of a wind turbinfl7]
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2.2.1. Fixed Speed Wind Turbines

In this type of WTs, squirrel cage induction generators are connected to the grid via
transformers as shown Figure2.4 [18]. The frequency of the grid establishes the
rotational speed of the stator thus of the rofbine speed of the generator is
determined by the pole pair number and the frequency of the grid. The speed

limitation may be set aerodynamically by stall control, acttal control or pitch

control.
By-pass
A Transformer

wind G P _} F17 s

i 4 i
Gear A o AC External

o oft-starter '

box Capac.:iloﬁﬂl£ gnd

Bank

Figure 2.4 Schematic of a fixed speed WT with reaetpower compensation and
soft-start featurefl8]

The very first WT were using this tyjmé design. The reactive power demand from
the generator to the grid is supplied by a reactive power compensator, simply by
switching a capacitor bank in the case of a variation in production. Astsofer is

also applied to provide a smooth operatiohe Wariations in speed cause voltage
fluctuations at the output of the generator. Hence, the stiffne$® @rid becomes

very important.

This type of WTs cannot be connected
control. The mechanical structure of thel Vlhust be able to withstand mechanical

stresses resulting from wind draft and torque pulsations too.
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2.2.2. Partial Variable Speed Wind Turbines

The generatoof a partial variable speed Wi§ connected to the grid through a
transformer as in the case of fixeceed WT. In this configuration, the speed can be
controlled partially by varying the rotor resistance connected to the rotor terminals
as shown inFigure 2.5. Above the synchronous speed, the rotor resistance is
controlled via power electronics; hence, the slip is changed. Due to variable slip, the
power transferred to the grid can also be col@dotypically up to 10% of the
synchronous speedhe capacitor bank provides the reactive power needed by the

generator and smooth grid operation is performed by thestottcircuit.

By-pass
WRIG »
= PCC
AC Transformer
wind { G o B
= @ _H_AC
Gear External
box 1z Soft-starter grid
Capacitor
Variable ¥ Bank
Resistance

Figure 2.5 Schematic of a partial variable speed WT with variable rotor
resistanc¢18]

2.2.3. Variable Speed Wind Turbines with Partial-scale Converter

A wound rotor inductiorgenerator is placed so as to convert mechanical power to
electrical power. A partiadcale power converter is connected to the rotor terminals

controlling the frequency of the rotor; hence, the rotor speed. This type of WT is
mostly known as doub#ed induction generator (DFIG}igure2.6 shows a DFIG

wind turbine power schematic. The power rating of the converter is approximately
%30 of the gener[@j.or6s nominal power

15



The speed range of the WT is typically
speed of the rotor is widely controlled and the reactive power compensatite can
handled by the converter. Besides, the resistive losses of partial variable speed WT
due to additional rotor resistances are eliminated. The sl power converter is

an attractive approach from the cost perspective. However, the use-igspnd

the fact that the DFIGVT is prone to grid faults are the main disadvantages.

DFIG

Transformer
wind G PCC

Gear S
Box QA % External
C grid
Partial-Rating
Power Converter

Crow-Bar

Figure 2.6 Schematic of a variable speed WT with parsiehle convertel 8]

2.2.4. Variable Speed Wind Turbines with Full-scale Converter

In this configuration, the generator is connected to the grid through -acalé

power converter as shown kigure2.7. The gearbox is opti@l due to the fact that
direct driven multipole generators may be used. The converter operates along the
whole speed range smoothly and provides tieeessary reactive powefhe
generator may be selected as permanent magnet synchronous generator, (PMSG)
wound rotor synchronous generator (WRSG) or squirrel cage induction generator
(SCIG).

This type of WT is designed to provide maximum efficiency ovende range of

wind speed. The rotational speed of the wind turbine is matched to the wind speed

16
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thus the ratio of the tip speed is kept constant, tracking the maximum power
efficiency. The changes in wind speed are absorbed by the generator speed

variations; hence, the generator torque is kept constant.

SCIG
n WRSG /| PMSG PCC
Transformer
wind ) - %{-«#—@ s
:ﬁ%"‘::’-' v . t |
GearBox/ Full-Rating X :;na
U Gearless Power Converter g

Figure 2.7 Schematic of a variable speed WT with fsdlale convertdil 8]

The mechanical stresses on shaft and gearboredueed power transferred to the

grid is increased and acoustical noise is reduced by planting variable speed WTs
rather than planting fixedpeed WTsThe behavior of variable speed WTs with the
full-scale converters during grid events are more preferable to that of variable speed
WTs with partialscale WTs. Moreover, this type of WTs can support 100% reactive

power injection to the grid durg faults which is required by some TSOs.

2.3. Grid Connection Requirements

The main parts of power supply system are power generation units, gnd loads.

The energy demand imposed by the customer is met by the power supply system
whose size depends oretlyenerated, distributednd consumed energy. Generally,

the grid is divided id two parts: transmission (higloltage) and distribution
(medium and lowvoltage).The grid transmits energy from power generation plants

to the distribution networks whilthe energy is distributed from the grid or small

scale power generation plants to the end users by distribution networks.
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The power generators should produce power at a cost efficient price while the
transmission and distribution companies should form specify power station
requirements, plan further development of the grid, balance the requirements on
different types of plants and ensure the power system properties in order to achieve
reliability, quality, and safety of the power supply system at amexucal price.

The power system specifications must be defined to understand the abilities and
characteristics in the power input for better operation and control of the power
system. Therefore, various load conditions and disturbances are possible to be
controlled. As it is stated, the stability of the power system and the quality of the

power are main control aspects.

2.3.1. Power Quality

Power quality includes two aspects of power supply, the quality of the voltage and
the reliability of the supply. Voltage qualigoversvarious disturbancelke rapid
changes, flicker, unbalance, harmonics, transieatsl dc components. Supply
reliability; however, includebng duration faults such as interruptions, voltage dips,

overvoltagesand frequency deviations.

Reliable electricity distribution with enhanced voltage quality has become a
fundamental issue due toe emergence of highly sensitiads such as computers,
automation machinesand modern communication devices. The sensation of
reliability for the customers has also changed in terms of the outage times per year.
A reliable supply has nearly no outage times nowadays. The domestidaistrial

users maye affected owing to #&w cycles of interruption or aoltage drop to less

than 90%[16]. The duration of voltage sags and swells and their total number in a
year is getting more and more important rather than the cumulative outage times in a

year.

The standard, EN 5016Q@9] describes the lowoltage grid characteristics with the
variations in the supply voltage. The disturbances affecting the custonmeizeca
classified according t¢16] in Table 2.1 below. The origins of these disturbances

and their possible consequences are also shown in the same table.
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Table 2.1 Categoriestypicalcharacteristics, origingnd consequences driations

in the supply voltage

Typical Characteristics

Category Spectrum Duration | Magnitude Origin Consequences
Impulsive | 5ns0.1ms |50ns>1ms| < 6kV Failure of
Transients Lightning strike o] insulation and
Oscillatory |< 5kHz5MHz| 5 e-G3ms| 0-4 p.u. switching reduced lifetime
of windings
Direct short
circuit, Disconnection of
Interruptions 10msi 3min <1% disconnection, .
o equipment
false tripping or

load shedding

Shortcircuits or Disconnection of
Sag 10msi 1min| 1-90% startup of large I
Short sensitive loads
duration motors
L Earth fault, shut .
variations Ageing of
down of large . !
. loads, lightning | . |nsulat|o.n,
Swell 10msi 1min| 110-180% S disconnectioror
strike or incorrec damage of
setting in sub equi r%ent
stations quip
Rapid voltage not defined| > N5 %
changes
Long Undervoltage >1min. 80-90%
du_rat_lon Overvoltage >1min. 106:120%
variations
Voltage unbalance stationary | 0.52%

Geomagnetic Saturation of
disturbance, half| transformer cores
wave rectification heating, reduced

DC offset n=0 stationary | 0-0.1% volta_lge setting o lifetime in
iron core transformers ang
equipment or |electrolytic erosio
shortcircuits clos¢ of grounding
to the generator: equipment
Nonlinear loads,
resonance, | Overheating ang
Curve Harmonics n = 240 stationary | 0-20% transformer failure of
Distortion saturation or equipment
notches
. Disturbance on
Static frequency i ;
Inter- . converters poweriine carrie
. 0-6kHz stationary 0-2% ' signaling and
harmonics cycloconvertersr| . I
) - flicker in display
arcing devices devi
evices
Notches stationary
Noise broadband | stationary 0-1%
S|gn_al . < 148kHz | stationary| 0.09%
transmission
Arc furnaces,
sawmills, welding Ageing of
Voltage fluctuations < 25kHz | intermittent| 0.27% wind turbines, |insulation, functio
startup of large failure
motors

19



Table 2.1 (continued) Categories, typical characteristics, origiasd consequences
of variations in the supply voltage

Typical Characteristics
Spectrum Duration | Magnitude

Category Origin Consequences

Mismatch of
dynamic balance
between load an
generators, fault

on the transmissiqFailure of functior
50Hz < 10s 1% system, in electronic
disconnection of equipment
large loads or larg
source of
generation going
offline

Power frequency
variations

In order to define the real power quality issue, the categorized voltage variations in
the above table are used. Since the nature of the load and the demtned

customerhave changed recently, the TSO should be aware of these disturbances.
The TSO is therefore forced to take some precautions to secure improved reliability

and superior voltage quality.

Reactive power is not defined as an independent power quality constrangf to

the definition of voltage as the power quality indicator. As reactive power is directly
related to the amount of losses in the power network, the size of power transformers
and generatorst can be evaluated by considering the causes of lasgtive power

in the grid. Large voltage drops in the network due to increased reactive power leads
to inferior voltage quality; hence, the voltage fluctuations can be regarded as a direct

conseqguence of the reactive power and treated Eabile2.1.

Having mentioned about the definition of power quality and categories of voltage
disturbances, the equipment used to improve the power quality shall be Steted.
equipments used othe didribution level (up to 34.%V in Turkey) are called
Custom Power Systems (CUPS) whereas equipments used on the transmission level
are called Flexible AC Transmission Systems (FACTS). These devices can be

classified in three main groups:

1 Onloff apparatusswitches,

1 Stepwise controllable apparatus,
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1 Continuously controllable apparatus.

On/off apparatus is used to switch the voltage between two different sources and is
generally installed at industrial and commercial plants. Electromechanical switches
are repaced with solid state switches such as GTOs since the time required for
switching takes from 1 to 10 seconds for electromechanical switches. The sensitive
devices may be affected by the voltage sags and swells due to slow response of
electromechanical svahes. Semiconductors are also used for fault current limiting
and breaker applicationghere the reduction of voltage sags or the transfer between

asynchronous sources is needed respectively.

Stepwise controllable apparatus is similarSatic VAR Compenator (SVC). It
regulates the voltage by using an electronic controlled voltage tap changer or by
using stepwise€oupled capacitor banks. Semiconductor switches are preferred

instead of mechanical switches in small power systems.

Continuously controllablepparatus typically contains a \CSonnected to the grid

via transformers. The topology used for the converters can be shunt or series and the
semiconductors used in the power block are mostly IGBTs or IGCTs. Shunt devices
inject current to the grid at tHeoint of Common Coupling (PCC). Different types of
disturbances are compsated using a variety of shurgnnected apparatus, namely:
SVC, Static Synchronous Compensator (STATCOM)d Actie Harmonic Filter

(AHF). Seriesconnected devices injects voltage between the source and the load
with a phase lag or lead property. Dynamic Voltage Restorers (DVRg)eaneostly

used types of serignnected power quality improvement devices. Shunt devices
are used for regulating thgrid current, while series devices are used for

compensating voltage disturbances occurring on the load.

The combination of shunt and series devices is hamed as Unified Power Quality
Conditioner (UPQC) and used for both the regulation of grid currentl@axt
voltage at the same time.

Passive filter elements may also be connected together with the active compensators
to reduce the power flow through the semiconductors and reduce the switching and
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conduction losses. Thetypes of topologies are called ayltrid compensators. If
the apparatus has an energy storage device, the voltage dips and voltage fluctuations

may alo be compensated.

In order to define the disturbances in connection with wind turbines, measurements
and indicators are needed. The influerd wind turbines on the power quality and
measurement methodseadescribed in IEC 614681 [20]. Measures for maximum
power, reactive power, voltage fluctuatipremd harmonics are covered by this

standard.

By Fourier transform, the analysis of a signal can be done. The connection of a WT
to the grid via power electronics converter requires a spectrum analysis on the
harmonic content due to switching of the semahactors. Ideally,complete
sinusoidal current and voltage at the grid frequency (50 Hz in Tudsey}ought;
however, the deviations from the ideal case are describ@eidifferent measures.
These are total harmonic voltage distortion (THRndweighted distortion factor
(THDw) expressed in (2.1) an@.2) respectivelyThe power quality of the grid is

defined using the distortion measures of the voltage.

n Ty
Yoo Y e (2.1)
h=2 Y
n Y 2
Y00 o @2
h=2 Y

where ™Y is the amplitude of the harmonics wifino indicating the numberof
har moni cs (Y. aenoted the rins valdeéo) the line voltage including

the harmonics.
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IEC 6140021 addresses other standards related to voltage and current harmonics as
well as electromagnetic compatibility (EMC). The voltage harmonics limitations are
set by EN 50160 together with the characteristics of the voltage disturbances as
stated peviously. EN 610002-2 defines the EMC levels for lowoltage
applications. IEC 61003-6 is referred so as to indicate current harmonic distortion
limits whereas IEC 61002-2 defines the current intérarmonic distortion limits.

As the supportive standds, IEC 6100817 and IEC 6100@-30 are used for
measuring methods on harmonic emissions. On the other hand, SHER19 is a
well-known standard not only for wind turbines but also for all kinds of electrical
power systems addressing recommended pesctimd requirements regarding the
harmonic control issuf1]. A general overview of the abovementohstandards
related to WECS ishown elegantly ifrigure2.8.

IEC 6140021
v v v v v
IEC 6100062-2 | | IEC 6100G63-6 EN 50160 EN 6100G62-2 IEC 610004-7
Limitations on Limitations on Limitations on Electromagnetic +
current current voltage compatibilit
harmonics interharmonics harmonics P Y IEC 610004-30

Measuring methods on
harmonic emissions

Figure 2.8 Harmonic standards for grid integration of WTs

The process of degiing an appropriate power converteraikey element to comply

these severe standards. Apart from the power converter, active or passive filters are
required for reducing the current harmonics injected to the grid. The frequently used
LCL filter should also be designed according to grid codes set by the TSO. The
compatibility of the WECS to the current harmonic distortion limits is mainly sought

in the next chapters as a performance criterion.
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The voltage disirbances tabulated ihable 2.2 shall be expanded in terms of the
harmonics. The following table states the individual harmonic voltage components

up to 2% component.

Table 2.2 Individual harmonic voltage values at the supply terminals as percent of
nominal voltagelJ,

Odd Harmonics
Even harmonics
Not multiples of 3 Multiples of 3
Relative Relative Relative
Order h voltage (%) Order h voltage (%) Order h voltage (%)
5 6 3 5 2 2
7 5 9 1.5 4 1
11 3.5 15 0.5 6é24 0.5
13 3 21 0.5
17 2
19 1.5
23 1.5
25 1.5

According to IEC6140@1, WTs directly connected to tmeediumvoltage (MV)
network through a standard step transformer should have a total voltage
harmonic distortion, THQY less than 5% including all harmonics up td"sfder,
measured as 10 mitesaverage data at the H3de of thestepup transformer. It
should be noted that the harmonics below 0.1% of the value sfiall be neglected.
Additionally, THDye, value should be less than 5% on power lines below 69 kV
according to IEEESTD-519.

For variable speed wind turbines, the measient of current harmonicsimportant
according to IEC 6140Q1. Fixed speed WTSs; on the other hand, does not contain
power electronics converters. The generators are directly connected to thhgrid.

limits of the harmonic currents injected to thalgre given in IEC 6100G-6.

The converters utilized in WTs are mostly of medium and high power with at least

hundreds of kilowatts power ratinjhe switching frequency is therefore limited to
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only a few kilohertz. The connection of individual wind tmes to form a wind park

may cause the superposition of the harmonics. Since the operating points and the
phase angles of each WT are not the same, the worst case summation of harmonic
components is not likely. The value of the current THD should be hess68%
depending on the type of the grid. The calculatiohasmonic distortion factor for a

group of WTs connected in the same gsidomewhat dissimilar to the equation in

(2.1) replacing the voltagéJ with the currentl. Low order harmonics amore
important than higher order harmonics regarding the contribution to the current
distortion factor. Inteharmonics and high frequency harmonic components are also

calculated with the same equation.

The current harmonic values allowed according to HEHIB-519 depend on the
grid type. The shottircuit ratio (SCR) is an important criterion to select the range
of harmonic values correctly. For this reasiie, understanding of IEEETD-519 is

left for the oncoming sections.

2.3.2. Demands to Grid Connection

The requirements for the penetration of the wind power into the electrical network
are set such that wind farms act as an ordinary power plant. These requirements are
very stringent to ensure controllability, power quality, fault tldleough capability
andgrid support during netwk disturbance$22]. In the following, some of these

severe conditions are explained briefly.

WECS shall be controlled within tH20%100% power range of its rated power by

the TSO. For WECS rated up to 1MW, the load acceptance rate of the system
should not exceed 5% and the load reduction rate of the system should not be below
5%.

WECS should be able to control the active powethie PCC within their power
range. The active power control is typically carried out when the system frequency is
changed. The power control curve against frequency variations for Turkish Wind
Turbines Network Regulatin[23] is shown inFigure 2.9. Between 47.5 Hz and
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50.3 Hz the WECS should be able to supply its rated power to the grid. If the grid

frequency increase beyond 50.3 Hz, the power delivered to the grid is reduced.

%100

L e T

Rated power of the WECS

f{Hz)

T 1
475 50 50.3 515
Frequency at the PCC

Figure 2.9 Power control characteristics of a WECS

The reactive power output of a WECS should also be controlled inea gange.

The grid codes defintne region of reactive power control. The rate and the level of
reactive power exchange with the gade controlled by the transmissiosystem
operator. InFigure 2.10, the graphical illustration of reactive power control in
Turkey is shown. The figure on the left describes the reactive power allowed as the
percentage of the active power and the figure on the right addresses the same issue
based on the power factortbie WECS.

PF=0835

agging

lagging

40 -30 -20 -10 10 20 30 40 08 0.85 09 095 095 09 0.85 08

Q [%] Power Factor

Figure 2.10 Reactive power exchange for WECS in the PCC in Turkey
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The given reactive power demands shall be satisfied depending ontdgewalues

given inFigure2.11 below.

U, utility voltage (p.u)
1,1

A0S TS

0,95

0,9
leading lagging

100 80 Q, reactive power (%) 80 100

Figure 2.11 Reactive power exchange against utility voltage

The current due to reactive power flow results in voltage dropcandes power
losses. If the amount of reactive current increases, it may cause voltage instability
due to voltage drapin the transmission line. WTs with induction generators
consume reactive power; hence, PWM converters are used to minimize power losses
and to increase the voltage stability resulting from the reactive power consumption.
As it is known, PWM converters can satisfy unity power factor owing to the

controllability of the currents flowing through the utility.

During the normal operation of WTgpltage dips may occur and the clearance time

of the dips may be small enough that the WECS recovers the fault. Such an ability of
the system is called fault ridbrough capability. For the Turkish Wind Turbines
Network Regulation, WTs connected to thr@lghould satisfghe demands given in
Figure2.12. In regions 1 and 2, WECS should stay connected to the grid as voltage

dips occur in one of the phases or in all phases.
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Figure 2.12 Faultride-through capiaility of grid-connected WT§3]

After the fault is cleared, the WECS should power up to the full rating witp.Q.2
of its rated power in every second if the voltage dip is in regionl. On the other hand,
the WECS should increase the delivered power to the grid withpQuO6f its rated

power in every second if the voltage dip is region 2.

Voltage fluctuations betwee@.9 p.u. and 1.1p.u are accepted as normal grid

operation and WECS should follow the reactive power support specifications.

2.3.3. Grid Types

Voltage drops on the grid are likely to happen due to harmonic currents flowing
through the grid. The disturbances ulisg from the voltage drops are directly
related to the shodircuit power (SCC) of the grid. Even small amounts of load
change may disturb the grid voltage if the grid is not strong enough. Therefore, the
strength of a grid is very important for thenoection of WECS. The main measure
assessing the stiffness of a grid is the shiocuit ratio (SCR) which is defined in

this section.

The power network can be analyzed by approximating it as a first order circuit. A
simple approximation of the grid is@hn in Figure2.13 below. SCC of the grids
calculated as in (2.3) by short circuiting the load impedafigg, The shortcircuit

28



grid current is calculated by dividing the grid voltage with rregnitude othe grid

impedanceZine as in (2.4).

Y6 6 Mo&) 80 (2.3)
(b —
Vio (2.4)
(o) .
W S
ZIine
— ) @
IIine PCC
& vl |z
o [

Figure 2.13 First order equivalent of the grid

The SCR of the grids thencalculated as follows;

8y 2.0 (25)
~ :
where$, is the installed capaciapparent powenf the WECS.

Another important definition related to the grid measure is tlet-sircuit angle
defined in[20] as
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[ 0WWE — (2-6)

whereXine andRjne denote the reactance and the resistance of the grid respectively.

Theload voltage at theCC can be described at steatiyte conditions simply as in
(2.7) with Py is the active power production an@; is the reactive power
consumption of the load. With this information between the grid and the load, the
voltage of the PC@an be estimated to check whether it is in the limits defined by
the TSO or not.

6 & - , @2.7)

Having defined the basic properties of a grid, ttegious grid types are now
described brieflyln addition to theshortcircuit ratio and shottircuit angle, wo
important parameters to describe a gid the voltage rating and the source type,
i.e. AC or DC. Grids can also be classified as transmission grid, distribution grid,
AC/DC grid, isolated grid, stiff grid or weak grid in terms of their featured

characteristics.

The grid is considered as wedkhe SCR is less than-B) while the grid having

SCR higher thar20-25 is considered as stif24]. In other words, the higher the
SCR, the stiffer the grid iGrids with a few WTs are connected can be seen as stiff
whereas the same grid may be characterized as weak if more WTs are attached to it.
The line voltage at the PCC of a weak grid is not stable when large wind power is
injected through it. Power qualityedices mentioned in the previous section should

be connected in this case to regulate the voltage at the PCC.

IEEE-STD-519 which is also a compilation of recommended practgsgsing as a
guide to suppliers and consumers of electrical endefiyes the arrent harmonics
allowed using the SCR of the gridhe current limits are set depending on the size
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of the consumer relative to the size of the supply. As the size of the consumer gets

bigger, the regulations become matengent

Table2.3 demonstrates the maximum current distortion values as a function of SCR
and harmonic order. Total harmonic distortion levels are also shown in the same
table. The data given ihable2.3 is defined relative to the maximum demand load
current. The distortion level is defined in terms of total demand distortion (TDD)

which accounts for the loadhange as opposed to THD.

Table 2.3 Current distortio limits set by IEEESTD-519[21]

For conditions lasting more than one hour. (Shorter periods increase limit by 50%)

Harmonic Current Limits for Non-Linear Load at the Point-of-Common-Coupling with Other Loads, for
voltages 120 - 69,000 volts

|Maximum Odd Harmonic Current Distortion in % of Fundamental Harmonic Order

||san |<11 |11<17 |17<23 |23<35 |35 |TDD
|<2o* |4 |2 |1 5 |O.6 |o.3 |5
|2o<50 |7 |3.5 |2.5 |1 |0.5 |8
|50<100 |10 |4.5 |4 |1.5 |o.7 |12
|100<1000 |12 |5.5 |5 |2 |1 |15

|>1000 |15 |7 |6 |2.5 |1.4 |20

Even harmonics are limited to 25% of the odd harmonic limits above.

*All power generation equipment is limited to these values of current distortion, regardless of actual
ISC/IL.

Where ISC = Maximum short circuit current at point-of-common-coupling.

And IL = Maximum demand load current (fundamental frequency) at point of common coupling.
TDD = Total demand distortion (RSS) in % of maximum demand

It should be mentioned thall #heindividual harmonic components cannot be at the

maximum limitand comply with the TDD rating at the same time.

The even harmonic limits are not shownthe above table. The limits for even
harmonics are set as 25% of the limit for odd harmonics within the same range. Even
harnmonics are not invited as they lead asymmetrical current waves and a DC

component saturating the magnetic cores may occur.
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2.4. Power Converter Topologies

Wind turbines operate at various speeds; thus, the electric generators produce power
at a range of frequency. The changing frequency at the generator terminals should be
decoupled from the frequency of the grid which is constankeP@onverters are

used to match with the grid frequency. For fbsgmbed wind turbines, power
electronics devices are still used for ssifirt purposes. Before tldarification of

some of the most important converter topologmsver electronic devicassed in

earlier designs and modern WE&®introduced briefly

The developments in the semiconductor devigaseled vigorouschanges in power
electronics. The reduction of semiconductor device prices continuously and the
increase of power capacity at the same package are main reasons for the growth in
power electronics mainly focusing on three important aspects: reliabifigieaty;,

and costPower electronic devices have a decreasing cost39 2ach year fothe

same output performan¢25].The historical development of power seamiductors

are briefly shown irFigure2.14 below.
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MOS-gated thyristors
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Figure 2.14 Development of power semiconductors in the pastimutioe future
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The invention of silicon controlled rectifiers (SCRs) also known as thyristors prior to

fully controlled switches was a major step in the development of power electronics.
Thyristors have a controlled tuon via gate signals while twoff is achieved via
commut ati on ci r ce thyritors béhave dadde and theudentc y c |
can flow through the device only in one direction. Conversely, thyristors can block

bot h negative and positive voltages in th
turno f f thyristors (GTOs) mad e easier t o

commutation circuits.

After the development of SCRs, bipolar junction transistors (BJTs) atal mede
semiconductor field effect transistors (MOSFETSs) are used as fully controlled
switches for low power applications whereas GTOs are used for high power
applications. The insulated gate bipolar transis@@rBIT) devel oped i n 1¢
still popular for low to medium power applicationdew emerging technologies in

IGBTs surely sustain the importance of these devices in power electronic
applicationsl n | ate 19906s insulated gate <cont

for high power applicationseplacing GTOs.

The base material has changed recently from silicon to silicon carbide (SiC) which
enables higher power density in the same package. The cost of silicon carbide
devicesis still not competitive with conventional silicon devices but in tear

future their price would decrease.

Power converters used for WECS have various topologies. For fixed speed WTs,
which are not installed nowadays ssfartersare used to limit transient currents
during the connection and the disconnection to the. gapacitor banks are also
used for power factor compensation in fixed speed WTs.

Diode rectifiers are used in old designs
voltage. Since diode rectifiers can operate in only one quadrant, they cannot be used

at fully controlled power conversion topologies.

Converter topologies with fully controllability of the generated voltage are

preferable for modern WTs. Theyrche used for partiedcale power conversion as
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it is stated in 2.3 or full-scale poweconversion as in 2.2. Backto-back PWM-
VSIs, matrix converters, tandem converters, multilevel convertngl resonant
converters are mostly implemented power converters. A short explanation of these

topologiess given and a comparison of them is statetbw.

2.4.1. Back-to-back PWM-VSI

The backto-back PWMVSI consists of two convential PWMVSI and a DGink
capacitor. Tks topology shown irFigure 2.15 provides bidirectional power flow.
Two-level VSI is a proven technology and power devices used are standard as

IGBTs with higher power ratings are available.

Generator )j} E} )3 )j} Jj} )i} Grid

Filter Filter

Generator

T e Grid
O D=
> Fana Fa's o et

L s sus 0

Figure 2.15 Two-level (2L) backto-back PWMVSI [26]

DC-link voltage is boosted to a level higher than the-tméne voltage of the grid
by the generator side converterachieve full control of the grid curreréenerator
side converterdjusts the magnetization demand and the reference speed vithile g

side converter keeps the Bi@k voltage and controls the AC currents.

Required DdGlink inductance can be provided by the power cables from the
generator side converter to the capaciferid side converters are installed at the
tower base instead of nacelle to reduce the weight at the top of the tower. This can

provide enough iductance to achieve a stable {IMk. For wind parks, DC

34



transmission cables could be long enougliprovide theneeded inductanci26].
DC-link reactor is an intrinsic protector against skwrtuit faults hence fault ride
through strategy of the system required by thé goide can be implemented without
difficulty. It also reduces the filter size at the AC side since smaller filter
components can be used against harmonics flowing through thédrigher level

of DC-link current provides a faster dynamic response kaittfansients can cause
power system instabilitiedDC-link current is kept smalleat lower speedsor
variable speed operation ofulti-megawatt applicationsThe output power of the

WECS is regulated such that the changes are rather slow.

For higher powr ratings, thre¢evel (3L) VSIs can be implemented offering lower
grid side THD, lower rating for semiconductorand reduced semiconductor
switching losses. Nevertheless, the increased complexity in hardware design and
controllers and high conductiolosses due to serie®nnected switches are the
drawbacks of 3L VSIsThe backto-back connected 3L PWiMSI topology for

wind turbine apptations is shown ifrigure2.16.
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Converter . . Converter
Clamp Clamp
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Filter
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Clamp Clamp

Figure 2.16 3L backto-back PWMVSI [26]

An alternative method to increase the power rating of the system is to useetiulti

structures in which the power converters (cells) are connected in parallel or in
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cascade. The reliability of the system is increased since the system continues to
operate even if one or more cells fail. The modularity of this type of connection is
also advantageous for low wind conditions. The numbespefatingcells can be
reducedfor low wind power hace decreasing the power losses and enhancing the
efficiency. A multiphase machine connected to the grid via Hadkack PWM-

VSIs is shown irFigure2.17. The PWM patterns are shifted for each cell to cancel
the sideband harmonics. This allows lower harmonics on the grid side thus smaller

filter requirement.
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Figure 2.17 Backto-back PWMYVSIs fed bya multiphase machine and connected
in parallel[26]

2.4.2. Tandem Converter

Tandem converter topology uses an active PW$ harmonic filter for harmonic
distortion compensation. This converter is fairly new and based on current source

inverter (CSI). The topology of the tandeoneerter is shown ifrigure2.18.
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Figure 2.18 Tandem converter topolod¥6]

There are four distinct inverters in the topology which brings several degrees
freedom to controllers. The primary converter, the CSI is operated in sgaaee
mode. In this mode the switches of the CSI are turned on and off once in each
fundamental cycle. The switches dsi the CSI are GTOs or seriesnnected
IGBT and diodepairs. The secondary VSI operates at high switching frequency;
however, only the harmonic currents are processed by theBySprocessing a
small fraction of total load currerthe rated power of the PWAMSI is reduced and

the efficiency of the system Bnhanced. A weltlefined control of both the main

CSl and PWMVSI are statd in the references given [h6].

2.4.3. Matrix Converter

Matrix converter is a direct energsansfer method from the generator side to the
grid with no passive components in the power cirdiie power circuit is composed

of semiconductor bdirectional switches. The ideal matrix converter topology and
the bidirectional switch configuratiorare demonstrated ifigure 2.19. Matrix
converters have capability to control the power flow in both directions and suppress
input current harmonics. The input powmctor can be fully controlled and the
energy storage is kept at minimum hence the bulky and lifdtrm&ed capacitors

are not required.
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Figure 2.19 Ideal matrix convertetopology[16]

The filtering requirements of the matrix converter lasger than traditional indirect
AC-DC-AC energy conversion systems. The capacitive filters atahagefed side
and the inductive filters at the curreietd side are inversely proportional with the

switching frequency of the converter.

Theoretically there are 512 combinations of switching schemes but only 27 of them
are applied to protect the contesr For protection of the converter, two or three
switches in the same leg are not allowed to be turned on at the same tiatdeastl

one of the switches in a leg should be turned on at any instant. However, the actual

combination of switches depends the modulation strategy applied.

2.4.4. Multilevel Converter

Sincethe invention of neutral poiamped (NPC) 3L converters, several multilevel
converter topologies have been present&d. increasing iterest on multilevel
convertersstill continues especialifor medium to high power, higholtage WECS.

The elementary operation of a multilevel converter is to use a series connection of

power semiconductors with several voltage levels to convert the power by creating a
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staircase voltage waveform. The voltaggings of power semiconductors depend

only on the voltages of multiple DC sources.

Multilevel converter topologies proposed up to now are plentiful and can be grouped
in three major structures: cascadeebiitige converter, diode clamped converter
and flying capacitor convertef27]. PWM strategies suclas sinusoidal PWM
(SPWM), spacerector PWM (SVPWM) and selective harmonic elimination PWM
(SHEEPWM) are deeloped on industrial motor drives, flexible AC transmission

systems (FACTS) as well as utility interface for renewable energy systems.

The abovementioned topologies for 3L convertees demonstrated iRigure 2.20.

In cascaded Hbridge topology, each DC source snoected to a singlphase ful
bridge (Hbridge) inverter. Each inverter can generate positivgatinee rail (DG

link) voltage or zero vehge at tis output terminals. The outpaf each inverter is
connected in series to rfa a synthesized output voltage. Each phase of diode
clamped inverter; on the othkand, shares the common fiGk voltage and the bus
voltage is subdivided by capaciorThe voltage stress across each semiconductor

device is limited to the capacitor voltage level through the clamping diodes.

NN  E—
— A 1
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NN L \
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Figure 2.20 Multilevel corverters topologies for 3L converter a) Cascalddaridge
b) Diode clamped c) Flying capacitor
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The flying capacitor topology is very similar to diode clamped topology except that
capacitors are used instead of clamping diodes. The voltage level in each capacitor
differs from the adjacent capacitor. Mower, the redundancy of flying capacitor
topology is better compared to diode clamped topology since a few switching

combinations are enough to form an output voltage.

2.4.5. Resonant Converter

The efforts to minimize the switching losses of powenvertershaveled to the
proposal ofvariousresonant converter topologidResonant converters are relatively
complex in both hardware and control, have voltpgaks in D@ink and output

voltage and high power flow through the resonant circuit.

The neutral clampedoaverter (NCC) topology shown iRigure 2.21; however,
does not suffer from the previously discussed drawbadks.backto-back PWM

VSI and the resonant circuit ihé middle are used. The resonance is achieved by
inductive energy transfer. The BIdk voltage is boosted to control the current from
the grid or supplied to the grid. The switches employed in the resonant circui are bi

directional as the switches usedhe matrix converter.

@
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Figure 2.21 Natural clamped converter topology and the switch configur@tioh
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2.4.6. Comparison of Power Converters

The AC/AC conversion discussed in various topologies can be direct and indirect.
the indilect case the D@Gnk connects two converters performing AC/DC and
DC/AC conversions, while in the direct caiee DGIlink is not present.The
decoupling providé by the DClink compensates for nesymmetry and other
power quality problems whereas the lifetime is reduced and the expenses are
increased in the indirect engrgonversion. The presence of[¥C-link can be
advantageous in the case of lgultage ridethrough and in the case of a need for

providing some inertia in the power flow from the generator side to the grid side.

On the other hand, direct energy transtgologies such as matrix converter does
not requiretransitionalenergy storage. The thermahbds of power semiconductors
decreasalue to less switching lossesid harmonic performance on the generator
side is improved. Nevertheless, higher number of active components, more complex
control, more complex grid side filter desjgand norproven technological

background are the main drawbacks of direct energyfeatopologies.

In terms of the applicability of the converter topologies to WECS, it is evident that
the backto-back PWMVSI is extremely appropriate since this topology is the one
used i n t oda yMorsover itha ldhowedge dbouh FRAYEIs avadlable

in the field is widespread and welkfined. Before stating the advantages and
disadvantages of each topology, a general comparison regarding the components and

ratings, efficiency, harmonic performanead implementation should be given.

The backto-back PWMVSI includes the least number of active components but a
moderate number of passive components. The matrix converter is composed of only
active components and the remaining topologies have a high number of both active
and passive elemenfshe number of auxiliary components such as transducers and
gate drives are high in tandem converters and NCCs. The output transformer may be
omitted in mulilevel converters, which reducdke overall system costn the
literature, the efficiency evaluation is based on the conduction and switching losses.

The NCC has the highest potential efficiency level and the multilevel converter
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follows it. The harmonic performance of multilevebnverterss superior to other
topologies sinceéhe requirements for filterare not so demandin@.onsidering the
implementation,backto-back PWMVSI, and multilevel converter topologies are
least troublesome since these are the most used commercial convEheers.
advantages and thdisadvantages of each topology are givemefly in the

following.

The backto-back PWMYVSI is frequently used in the literature. For this reason,
manufacturers specially design and produce components such as IGBT stacks and
antiparallel diodes to use this type of applicationgonsequently, the component
costs are reduced. Besides ttecoupling provided by the DIk capacitor allows
independent control of the rectifier and the inverter pde boost inductance in

the DClink also has a positiveffect on the protection of the converter against
abnormalgrid conditions and it reducake grid side filter requirements resulting
from high frequency switching harmonicBhe main drawback of the baté-back
PWM-VSI is due to heavy and bulky Diihk capacitor. It also reduces the lifetime
and increasethe cost of the overall system. The switching losses associated with the
grid side and generator side converters are considerably high and some EMI filters

shall be used at the grid side due to highahving speed.

Tandem converter may reduce the switching losses by 70% compared to
conventionalL PWM-VSI due to low switching frequency of the primary converter

and low level current processed by the secondary converter. The conduction losses
increase du# increased number of semiconductors; however, the overall efficiency
is still increased. The performance of tandewnverter is better than both CSI and

VSI since the magnitude of the current is controlled by the VSI and the phase shift
command is contilled by the CSI. The secondary converter can also emulate a
damping resistorfor light load conditions other than compensating the current
distortions initiated by the primary converter. The high number of semiconductors
and auxiliary components bringore complexity both in hardware and software.

The generator voltage is also reduced due to CSI hence or@%o 8F the grid
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voltage is utilized16]. Therefore, arrents through the semiconductor devices have

to be increased in order to obtain the same output power.

The matrix converter reduces the thermal design complexity for low switching
frequencies compared to conventional PWM®I given that the semiconductors

the matrix converter are equally stressEde absence of a Dlihk capacitor both
increases the efficiency and extends the lifetime of the system although six
additional switches are introduced in contrast to conventional RX8M The
intrinsic limitation of the output voltage to 86.6% of the input voltage is a
disadvantage of the matrix converfg6]. The current through the converter should

be increased by.15 times to give the same output power as in the catndém
converter. The increase in the current hence leads to ascending conduction losses.
The voltage unbalance or distortions at the input or unbalanced load conditions lead
to distorted input cuemt and outpuvoltages due to absence of a k. The
protection of the matrix converter under faults is also troublesome which is not
desired for WECS.

Multilevel converters offer reduced input and output voltage harmonics and the EMI
ratings are redwd. The sizeof the filters both at the generator side and at the grid
side arereduced For the same harmonic performance, the switching losses are
reduced which is another favorable property of multilevel convertérse
conduction losses are more than 2L converter; however, the switching losses can be
smaller by 25%. A disadvantage of multilevel converters is the unbalanced capacitor
voltages. The unbalance may be due to differences of capacitance values of real
capaitors, unequal deatime compensation or unbalanced loads. This phenomenon
can be solved by hardware or software by controlling the modulation. The current
stress on semiconductors diffens the same leg of diode clampedhd flying

capacitor topologiedis a design challenge occurs.

The resonant voltage of NCC topologylimited to the value of the DGnk. The
resonant circuit is not in the power part and only one resonant circuit is needed for
the AC/AC conversion. Although the conduction losses ofCN€ close to PWM

VSI, the switching losses are greatly reduced hence the overall efficiency is
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increased. The reducedV/dt rating provides lower EMI and lower output
inductance. Different modulation strategies shall be applied to reduce the harmonics
atthe grid side. The design of resonant conveitansore complex than PWNSIs

and additional components are requirethe unbalanced voltages between
capacitors and the continuous resonant operation are other challenges regarding the

NCC topology.

2.5. Reviewof Back-to-back WECS

Modern WTs use either partiatale or fullscale power converters with variable
speed operation. The use of fatlale power converters with batkback PWM

VSI topology is advantageous due to better response dowdth grid relatel
problems[2], [3], [28], [29]. The voltage levelon the other handlepends on the

type of the generator employed. Induction gates are often designed in lew
voltage (LV) range rad synchronous generators can be imgetad in either in LV

or mediumvoltage (MV). Multipole generator which is also a synchronous
generator eliminates the use adstly and bulky geloxesand provides a direct
connection The development of PMSGs amullti-pole generators for wind turbine
applications increase the wind penetration percentage owing to the higher overall

system efficiency.

Figure 2.22 demonstrates the most common WECS topologies and the control
issues. The generator can be an induction generator (IG) with or without a-doubly
fed terminals or a synchronous generator (SGg gearbox is not used when the
generator is designed as a mplble machine. Such a direct drive design decreases
the overall cost of the WT. The generator side converter is selected as PWM rectifier
to fully control the generator dynamics usually. Fams old applications; however,
diode rectifiersvhich areunable to control the harmonics and lacking the maximum
power point tracking capability are used. The grid side converter works coherently
with the generator side converter. It regulates the gnickots through a low pass
filter with different filter topologies. The loads where the WEE&onnected can be

a large power network, a local load or a migral.
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o T T

The WT topology investigated in this section is the Baekack 2L PWMVSI with

full power rating. The generator side conveiteresponsible for maximum power
point tracking and control of the D{nk voltage by employing fluwector control.

The grid side converter on the other hdrahsfers the power from the Bk to

the grid by controlling the amount of active and reactive power. This topology is a
four-quadrant converter; hencthe active andthe reactive power can be moved

from the turbine to the grid and vice versa.

2.5.1. Requirements on the Power Converter

The grid side converter has a definite number of tasks as stated in the previous
section. While fulfilling the assigned tasks, the converter has to satisfy the
requirements specified by the designer/investor and the TSO. The efficiency of the
converter andhe grid side harmonic extent are two important requirements that the
converter has to deal with. The initial coste failure rate and the complexity of
design are other important criteria for power converters. The demands to power

electranics in a WTaresummarized irFigure2.23[28].
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Figure 2.23 Demanddo power electronics in a W[R8]

The measure of thgrid side currents is the wallefined THD value which is found

as the ratio of the sum of the powers of all harmonic components to the power of the
fundamental frequencyAlthough grid codes are specified using the individual
current harmonics such a8,5", 11", etc., THD is a lot easier way of defining the
harmonic extent injected to the grid. The graphical implementations are also easier
to demonstrate. THD value rtabe reduced using passive or active filtering with
additional elements or using optimized pulse patterns in the controller. A closer look
on the filtering is given in the following sections.

The power conversion performance in terms of the losses prodydee converter

is measured by the efficiency value. Simply the ratio of the output power of the
converter to the input power gives the efficiency of the converter. Although 2L

PWM converter is the most adopted topology in the wind energy market, a trend
towards multilevel converters with MV connection is observed. By increasing the

voltage level, the current flowing through the semiconductors and filter elements are

reduced. Therefore, the efficiency level is boosted beyor@b98.

The initial cost of te converter depends on the price of semiconductors, passive

elements, voltage/current sensand electronic boards. Both tleegineering and
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t he t e cdiffortitoccombme al the distinct elements of the converter should

also be included in the il cost.

The voltageturrent stresses and the reliability of the individual components are
determining factors for defining the failure rate of the converter. The comparison of
power semiconductors utilized in high power wind energy cormeiagpplicatios is
stated in[28]. IGBTs are widely used in WECS applications; however, grask
technology offers a higher power density, enhanced cooling performande
reliability. Presgpack IGCTs are mostly used il and gas industry anthey are
newly adopted in WECS. IGCTs offer to extend the use of 2L PVWB for high
power applications. Generally, the design limitation of LV converters is around 3
MW. For applications fron8 MW to 7 MW, MV converters are adopteince
currentlimitations on the semiconductor devices dot allow to use singteell LV

converters

Design complexity is a relative issue addressing the controller and hardware design.
As the penetration of power electronics to the WE@Seasesthetopologies used

in the previous designs are updated or totally abandonedin§taom thyristors

based sofstarters and rotor resistance controllers, modern WECS employtdsack
back power converters either in parsalle or in fulscale. The most agted
topology in the besseller range, 1.5 MW 3 MW for a WT is 2L backo-back
PWM-VSI. The design of such convertersssttled andhe design complexity is
minimized For multilevel converters or matrix converters emerging as power
converter solutionghe design complexity in the hardware is increased. On the other
hand, the control structucéd multilevel converterss more or less the same for 2L or

3L converters; however, the number of switches increase and the capacitor balancing
problems arise fomultilevel structures. The computational load and the number of
peripheral interface for matrix converters as well as multilevel converters increase.
The lower demands for the electronic boards may be an advantage for 2L converters.

The software impleméed on the controller boards is also easier for 2L converters.

Apart from the abovementioned issues, the grid side converter should also control

the reactive power and satisfy a fast real power response. Thecdlél power
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converters can delivertheréac ve power up to full -generator
scale power converters used in DFIGs can deliver the reactive power only at 30% of

the generatorodés rated power. The dynamic per

a step load change is investigassda measure of fast real power response.

By considering the requirements on the power converter and the installed capacity of
the WT, converter topologies are describé&uthe next section, the topology of the
power converter is determined using the etical data collected from the biggest

WT manufacturers.

2.5.2. Determination of the Converter Topology

The market shares of the biggest WT manufacturers accordingMo@nsult are
given inFigure 2.24 below [30]. The research is based on the installed capacity of

wind power and conducted in 2014.
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Figure 2.24 Market sharesf the WT manufacturers based on the installed capacity

The market leaders adopt different WT topologies each having advantages and

disadvantages. As the grid codes require full reactive power support, DFIGs have a
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limited use. The implementation of variable speed WTs withsitdle converters is

adopted. Eneon and Siemens use heavier and more expensive -poldti

generators (MPGs) instead of externally excited wound rotor synchronous
generators (WRSGs) or permanent magnet synchronous generators (PMSGs). The
benefit of using a muHkpole generator is the elimation of gearbox which costs
around 12% of the over al {scal®fiodes comverters . T h e
can be LV with 690 Vs or MV with a few kilovolts. In the near future, the voltage

level may ircrease suitably to get directgonnected to thelistribution network

without transformers.

The nameplate data 8/Ts and WTgeneratordrom various manufaarers[31]-
[40] are summarized ifTable 2.4. The applications both in LV and MV are
considered. mong the tabulated generatdP®1SG with 3 MW rating idighlighted
due to high efficiency and the wide use in WTke voltage level of the generator is
selected as 690 \s to comply with the LV specificationg he efficiency level of

suchmachinais very high, approximately 98%.

The rated power of the WT is very important for the selection of the power converter
topology. The knowledge available for 2L backback PWMVSI is extensive.
Besides the robustness and the reliability of the topolsgyell-proven and the
number of semiconductors used in the hardware are fewer. However, 2toback
back PWMVSI topology suffers from switching loss phenomena as the power level
increases beyond 3 MW. For LV applications, switching devices should be
paralleled in order to obtain the required current level. On the other hand, switching
devices should be connected in series to satisfy the voltage rating for MV

applications. This, inurn, reduces the reliability and the simplicity of the converter.

Table Il in [2] summarizes the commercially available WECS in the 1.5 M3/
MW range. The genet@ars mostly operate at LV and the types of the generators are
mainly DFIG and PMSG. The power conversion is achieved using-tbazkck
PWM-VSiIs either in partiakcale or in fulscale depending on the generator type.
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Table 2.4 Technical information olVTs and WTgenerators

Manufacturer NType Generator Voltage Power level Efficiency
umber Type
AMK/L DFIG 690-1000 v up to 3.6 MW | 97-97.5%
3-6 kV
ABB AMG PMSG Efgvv 1.5 MW-3.6 MW 98%
690 V o
HS PMG PMSG 33KV up to 7.9 MW 98%
Enercon E MPG - up to 7.5 MW -
GE i PMSG | 69014400V | upto 12.5 MW )
DFIG 690-15000 V up to 10 MW
SWT-6.0-
154 MPG 690 V 6 MW -
SWT-4.0-
130 SCIG - 4 MW -
ot | scie i 3.6 MW i
Siemens
SWT-3.3 PMSG 690V 3.3 MW -
130
W% | puse 690 V 3.2 MW i
SV\i’Ii—g.O— PMSG 690V 3 MW -

Table25pr esent s t he t ec hn tscale WinddpaweraconeeftersAB B 6 s
[41], [42]. The converter configuration can be eithefim@ or backto-back. The
efficiency level andthe THD value are same for all types. Liquid cooling is

preferred due to high power processed in an enclosed cabinet by the converter.

For instancethe generator iselected a8 MW PMSG with 690 Vs line-to-line
voltageandthe power converter shall be2d backto-back PWMVSI. The DClink
voltage of the converter is usually set as 1070 V for LV applications. The grid side
converter has 6 switches eamhthem is constructed by paralleling tWéBTs due

to current limitationof singlepack IGBTs.The maximum current rating of the
commercially available IGBTs i8600 A developed by InfinegorABB, and Fuiji.

The grid side current value of a 3 MW WECS is approximately 25Q0h&nce the
peak current rating is above 3500 @ngle-pack IGBTs are not sufficient in terms

of current rating hence, two 2400 A IGBTs are used in parallehe IGBTs

available in the market with 1700 V voltage rating and 2400 A current rating are
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listed in Table 2.6 [43]-[46]. Among them, the IGBT oMitsubishi Electric
(CM2400HCB34N) is selected and used for the power loss analysis throughout this
study

Table25A BB 6 s tsaale windlpdwer converters

Converter model ACS80077LC | ACS80087LC | ACS880G77LC | ACS88087LC
Converter type Full-scale (Permanent magnet / asynchronous generators)
Configuration In-line Backto-back In-line Backto-back
Power range 0.6-3.3 MW 1.56 MW 0.84.6 MW 1.58 MW

Cooling Liquid coolingwith totally enclosed cabinet

Rated grid voltage 525 to 690 V AC, 3 ph

Nominal frequency 50 N 3 Hz / 60 N 3
Efficiency at ) 6 96 5%

converterd

Grid harmonics

Total harmonic curreni Max 4%
distortion (n = 2 to 40)

Table 2.6 IGBT electrical characteristics

IGBT Mitsubishi Infineon Fuj ABB
Manufacturer
Tvoe rumber CM2400HCB | FZ2400R17HP4 1MBI2400U4D 5SNA
yp 34N B9 170 2400E170305
Collector airrent 2400 A 2400 A 2400 A 2400 A
Collectoremitter | 474, 1700 V 1700 V 1700 V
voltage
Collectoremitter |, , 1.9V 247V 2.05V
saturation vltage
Baseplate AlSiC AlSiC Copper AlSiC
material
Technology Trench gate | Trenchfieldstop - SPT
Typical gate ;
resistance (On) 0.8 (q 0.8 q 1.8Y 0.6q
Typical gate
resistance (Off) 1.1 q 0.4 q 0.68 0.6q
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For the same 3 MW generator, 3L bdokback converter can also be used. The
IGBTs are selected as 1700 V and 2400 A with two parallel IGBTs as in the case of
2L converter. The voltage across each IGBT is reducédd@ for 3L converter;

hence, the volge rating could be reduced down to 1200 V. Nevertheless, the
reduced voltage stress on the same IGBT leads to improved life cycle. The
comparison of 2L and 3L converters is presented using the same IGBTs in order not
to get affected diationdTaéesclarmping giodeas afBletopelagg 6 Vv
are selected from Mitsubishi as RM1800B&S with 1700 V peak repetitive
voltage and 1800 A forward current ratings. The diodes are also paralleled as in the
case of IGBTs due to smaller current ratings of tieel@s than the nominal current

rating of the converter.

The switching frequency of a 3L converter |
output different from a 2L converter. Due to increased switching frequency, the

output filter requirements are nadbet same. Reduced current harmonics of 3L

converter diminish the filtering requirements hence smaller filter components shall

be used. Although the controller bandwidth does not change, the reduction in size of

the 3L convert er 0seaoatttagivetsolufion.| t er presents to

For higher power ratings above 3 MW, increased number of semiconductors should
be paralleled or muktell topologies should be adopted. By increasing the converter
output voltage to MV, the ctent rating of the convertelecreasehence multilevel
topologies become an apparent solution. Since the scope of this thesis does not
include multilevel converters, technical analysis of multilevel converters is not

covered.

2.6. Cost and Efficiency Evaluation of WECS

Recent wind turbine configuratiomsostly use backo-back PWM-VSIs with full-
scalepower rating Variable speed WTs allow more power integration to the grid
owing to the wide range of operation starting from nearly 3 m/s up to 25 m/s wind
speed. The cordhlability of active and reactive power together with the dynamic

response offers superior advantages compared to the fix speedIWelrseduced
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power capability ofthe power converters employed partiatscale WTs may
become attractive; however, the dgsiand productio of a specially designed
doublyfed induction generator may be troublesome. As the cost of power converters
and electric generators are very close, the benefits along with the use of DFIGs are

minimal.

The cost of an induction machin@) and aPMSG for the same power rating are
different. The rare earth magnetsed in the PMSGs are relativedigh in costbut

the efficiency of PMSGs isbout 57% higher for a standard 3 MW WECS.
Moreover, he installation of offshore WPPs due to enviremtal and financial
factors renders the use of maintenafiee equipments compulsory. The cost of the
maintenance expenses are doubled for offshore applications compared to onshore
applications. The investors therefore naturali forredueéng the mainénance cost

as much as possiblPMSGs offer cheaper maintenance and are very desirable for

offshore applications.

The emerging wind energy market in Chialso forces the designers to develop
PMSGs with higher efficiency rating. Despite the wide use dfd3kn Europe, the

new trend is to use synchronous machines withsitdle power converters. The
advantages are mainly the reduced maintenance arasthe increased overall
efficiency of the WECSs mentioned abov&Vhen the payback time of the system

is taken into account, it is wise temploy PMSGs. Moreover, mediuvoltage
power conversion with reduced harmonic distortion levels is achieved seamless

along with the development of multilevel converter topologies.

Since the focus of this thesis is not #gm@nomical aspects of a WT investment, a

shallow knowledge on the cost and efficiency evaluation is given.

2.7. Trendsin WECS

The rapid development of power electronics has led to the decrease of
semiconductor devices and the increase in the power densityeddicing the

volume and the weight of power electronic devices at the same power level, more
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compact designs are developed recemtb/the power density increase, the cooling
expenses also become significant and the desiga siitable coolingmethod
becoms substantialfor safe operation of the WECS. Generallgwivoltage
converters usdorced air cooling while mediunoltage converters use liquid

cooling

The size and the power rating of the WTs are growing continuously over the past 35
years.Thedevelopment of WTs and the utilization of power electronagsacity are
shown inFigure 2.25. The most commonly used solution for WECS in the best
selling power range 1.8 MW is the use of baeto-back 2L PWMVSI at both the
generator side and the grid sidéne biggest commerciallgvailable WT V164-8.0

MW designed by Vestas has a power rating of 8 MW and a blade length of 80 m
while other manufactureralso have WTs around-5 MW [47]. Samsing Heavy
Industries' S7471wi t h 7 MW rated power was the
largest WT title. A European company, Enercon has also developed a 7.5 MW WT
for onshore applicationd.0 MW turbines, Sea Titan designed by AMSC and ST10
designedand developed by Sway having rotor diameters of 190 m and 164 m
respectively are the biggest WTs winiare not commercialized ypt8]. As newer
designs are on the way, the power ratinthefWTs tends to increase further tl#n

MW in the near future.

The increased peer levels beyond 3 MW nullifghe use of singkeell 2L PWM-

VSIs. Instead, multilevel converters with three or more levels are utilized. A newly
developed fivdevel (5L) topology offers reduced harmonic content on the output
current and transformerless DC suppl9]. The voltage level is increased up to 6kV
attheconveer 6 s out put t -woltageademicondgc®wr switthebhei g h
topology is applied as bag¢k-back for multtmegawatt industrial motor drivesh&

major applications include cement, mining, metal industries, and power generation
as fan or pump drive. Such a topology could also be used in WECS for a direct drive
WT.
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Figure 2.25 Development of windurbines[28]

Individual WTs used in the past are replaced with & WTs combined in
onshore and offshore wind power plants (WPPs). The grid integratiwmdfpower

is therefore increasing continuously. The unpredicted nature of the wind power
deeply affects the stability and the security of the grid. The future challenges of the
WECS are mainly the integration of wind power to the existing distributiomaniet

and the regulation of the WPP as a conventional power source. As the grid
connection requires that WTs stay connected to the grid in the event of a grid fault,

the control of power electronics is a major issue.

The HVDC networks for the connection l@frge scale WPPs present a new and
attracted solution delivering only DC power to a common grid. The conversion
expenses of the wind power get reduced as well as the transmission expenses. The
receiver of the grid power is responsible for satisfying thd godes while the

WECS are only responsible for extracting the maximum available power.

The improvements of the present designs could be estimated in the fitere.
development of novetemiconductor switches and the usedversematerials for
the paswe elements in order to increase the power density, provide the cheapest and

the most reliable solutiowill be the main motive.
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The challenges related to technological developments are to reduce the uncertainties
come up so far, to develop more optintaljable technology, to improve the grid
stability, to build up larger andmore silent WTs, to establish easily maintained
hybrid systems for isolated grids in rural areas and to develop technadigiesmg

the integration of variable energy sources sashHVDC transmission, energy
storage facilities, compensation devices used to regulate voltage, frequency, power

factor, and voltage unbalancand production forecasting.

Further research topics in power electronics for WT technotagy be stated as
[16]:

1 Practice and analysis of switched reluctance machines and transverse flux
machines for high power WTs,
Optimization of backo-back PWMVSiIs,
Study and analysis of matrix converters and itewi¢l converters in WECS,

Introduction and diagnosis of novel power converter topologies.

Regarding the wind power integration to the utility network, dynamic operation
under normal operation and fault events, droop control strategy, energy storage
systens, grid stability and standardization of wind energy requirements may be

highlighted as further research areas.

2.8.  Summary

An overview of WT concepts both on recent configurations and earlier designs, grid
codes required for wind power injection to thality network, frequently used
topologies on power electronic converters, cost and efficiency evaluation of WECS
and lastlyfuture studies and trends in WT design are stated in this chapter.

The importance of variable speed WTs in capture of maximumiabie wind
energy is sated. The advantages and the disadvantages of WTs using DFIG with
partiatscale converter and fuficale backo-back PWMVSI are pointed out

clearly.
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Power quality issues with respect to the international stand#eds 6140021,
IEEE-STD-519, etc.)are mentioned. The voltage at the PCC should have certain
characteristics not to disturb sensitive loads of the consurher.origins and the
causes of these disturbances as well as the characteristics of them are summarized in
a table. The devices utilized tocenhancethe power quality are described by
considering the disturbances encountered onutiiigy network. Moreover, grid
connection requirements set by the TSO are covered for the distribution network in
Turkey. As the most impon regulations, the active and reactive powentrol

reactive power exchangend fault ridethrough capabilityare highlighted. The
characterization of the grid behavior is expressed using the SCR definition and

current distortion limits depending oret®CR value are stated.

The topologies used as the power electronics converter from the generator side to the
grid side are described briefly. Additionally, the comparison of matrix converter,
tandem converter, resonant converter, multilevel conveded stateof-the-art
backto-back PWMVSI with advantages and drawbacks for each one is carried out.
The dominant use of PWIMSIs in WTs makes it a reference in a benchmark to the
other converter topologies. The number of active and passive elemerdas¢hef
hardware and controller design, the ratings of the semiconductors, harmonic

performanceand efficiency are the aspects of the comparison.

The evaluation ofthe most important topologies used in recent WTs is given
regarding the cost and the effincy. Despite the initial investment cost
disadvantage, long term profit of the PMSG with bsmkack PWMVSI based

power conversion topology is emphasiz&the technical data of commercially
available WT generators and converters are presented. Theticseleof
semiconductors for 2L and 3L converters are stated and the technical data of various
manufacturerso 1700 V 2400 A I GBTs are t

Finally, the recent improvements on the power capability of WTs and semiconductor
devices are stated. As theesiaf WTs increase year by year, the power electronics
converters handling higher power should be designed and implemented. The power

density and the reliability of the converters used should be improved to reduce the
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design and maintenance expenses. Tladlariges on the power converter topology
and on the integration of large wind power to the utility are expressed. Besides,

further research topics in the power electronics aspect of a WT design are stated.
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CHAPTER 3

DESIGN AND CONTROL OF GRID -CONNECTED PWM-VSI

A comprehensive description of a WECS including the WT topologies, grid,codes
and power converter topologies is given in Chapter 2. In this chaptevjeav of
hardware and controller design for a baclback connectetVECS is givenIn the
hardware part, the selection of switching frequerowtroller and grid side filter is
given. Moreover, calculation of BD{ihk capacitor valuendLCL filter paranetersis
explainedin step by stepOn the other hanaionvater control structures used tine
simulation studies ar@nalyzed deeply in the controller design pa grid currents
controller, DClink voltage controller, and phadecked loop designs argiven.

Brief information on the stability assessment is also given.

The efficiency target espiatly for high power systems igery important. The losses
are mainly converted to heat hertbe cooling expenses are increased. Therefore,
the efficiency criérion can be thought as the origin of the converter design. Then,
the determination of the switching frequency with a suitable topology is
accomplishedusing efficiency curves The calculationof DC-link capaitors and
appropriateLCL line filters to miticate the harmonics is described in a guiding

manner.

The WECS analyzed in thikesis is mainlyfull-scale backo-back connected 2L
PWM-VSI connected to the grid viaCL filter. The grid side converter and the grid
interface are the focus of this thesike PWMVSI is a frequently used topology as
it is stated in the previous chapters. Ti&L filter as the grid side harmonic filter
has been el widely rather than standakdfilter in recent year$3]-[6], [8], [50]-
[55]. The inherent resonance problem of &L filter presents a challenge that has

to be dealt with. Hardware solutions with additional passive elements or alternative
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control methods are proposed in the literature to suppress the resonandd@lffect
The proper design of theCL filter is important for grid current regulation. By

takingthegrid codes into accountCL fil ter designis reviewed irthis chater.

3.1. System Description

This studyis interestedn the grid current regulation of tWECS andhe generator

side is not in the scope hence the wind power generator and the generator side
converter is simply modeled as a curreotirse as it isshown inFigure 3.1. The
aerodynamic speed regulation strategies related to the wind turbine and the
maximum power point traction (MPPT) algorithms dedicated for the generator side

converter are omitted in this study.

Wind I .
Turbine Cenerator- Grid-Sde _
Cear dde ACJDCI DT AC LCL-Flter Grid
Box
S T
. VI _ _
Sync./Induction I Wind Turbine
CGenerator , Transformer
Wind Turbine System with Full Scald Converter
L N
‘rlé} Trsé} TrSJ} 1
| JEFDiL K FDi3 D|i‘>
| I L.
= 1r : I >
| 1o (F | | I
V) TCq —
I | fm
| >
| le

Figure 3.1 Full-scale WECS analyzed in this thesis
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The grid sidePWM-VSI has & semiconductor switches, a Btk capacitor and
necessary amount of current/voltage transducers. The grid connection to the LV side
of a stepup transformer is accomplished via BEL filter. The idealLCL filter
composed of converter side inductdr, grid side inductor,lg, and the filter
capacitor,C; consumes only reactive power; nevertheless, the components designed
in practice have resistive parts and filter consumes aptiveer as well. Winding
resistance and core loss of inductors together with equivalent series resistances
(ESRs) of capacitors are neglected throughout this thesis, presenting a worst case
scenario.The parameters of the step transformer are also negledt equivalent

Lgria and Ryig parameters are used to model both the grid and the transformer
instead. The voltage rating of the DGCIink, line-to-line voltages of the grid and
depending on the control strategy, converter side currents or grid side currents are
measured. Withall these feedbacks, complete state space representation can be

driven and the controllers can employ the proposed algorithms.

Depending on the hardware limitations and control preferences, converter current
feedback (CCF) or grid current feedback (GCF) methods can be adbpté¢@l,

[51], [52]. Moreover, a tradeff between resonance damping property of the
controller and the dynamic response of the system occurs regarding the selection of
feedback variable. For industrial applicais, currents sensors may be embedded in
the hardware at the converter side for protection purposes or the grid may not be
reached easily to place the sensors. Such limitations guide the designer to use CCF
rather than GCF. On the other hand, WECS shqu@vide unity power factor
operation which may not be possible due to the phase shift property of the grid side
harmonic filter. GCF obviously provides an advantage on power factor since the
controlled variable and the output of the system are the sarhdan Alll, the
requirements of the design determines the control type yet designs involving both
the grid side and the converter side current sensors are available in the literature. The
controller design in this study applies GCF; neverthel€€¥; is alsoapplied to
distinguish the differences between two methods where neceAsawynprehensive

research on this sulgjeis conducted ifb6].
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3.1.1. Determination of the Swiching Frequency

Having seleted the converter topology, DIk voltage valueand semiconductor
devices now the switching frequency of the converter shall be decided. The
efficiency target is the primary source of selecting a suitable switching frequency. In
this section, a variety of switching frequencies is applied on the 3 MW RASMo

demonstrate the effect dine efficiency.

The switching frequency is determined together with the modulation strategy. High
power inverters have a limited frequency bandwidth due to low frequency switching
and the output current distortion levels are excessive. Therefore, optimitse
patterns to eliminate specific harmonics such"asr57" can be used to reduce the
grid side filter size. However, carrier based modulation strategiagibzed often.
Recently, spacevector modulation (SVM) techniques are more preferred to
conventional sinusoidal PWM (SPWMYwo commonly utilized SVM techniques,
namelyspace vector pulseidth modulation (SVPWM) and discontinuous PWM1

(DPWM1) methods are compared in terms of efficiency via visual aids.

An exemplaryWECS topology determined dhe previous sein was2L PWM-
VSI with 690 Vims grid voltage and 1070 YDC-link voltage. The study is narrowed
down to a specific problem to present a ctete illustration. InFigure 3.2,
efficiency curves whesPWM, SVPWM, and DPWM1 methods are applied on the
proposed PWMV/SI are seen for a variety of switching frequencidse conduction
and the switching losses of the seamductorsand grid side filter lossesre
considered through the efficiency #&mss demonstrated inFigure 3.2.
Semiconductor losses are calculated using Melcosieveloped by Mitsubishi

Electric Corporation.

Obviously, DPWML1 is superior tboth SPWM andSVPWM in term of efficiency
accordingto Figure3.2. The difference in efficiency ratings of SPWM and SVPWM

is so small that two curves are seen on top of each other. As the voltage modulation
index is constant, the benefits of SVPWM are retealed. For overmodulation

region (i.e. voltage modul ation i ndex
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over SPWM but the grid voltage is fixed and the inverter does not enter
overmodulation regiorSelecting the switching frequency as 1.2 kHz wifAvVilM 1

techniquegives the efficiency close to 9by consideringhe grid side filter losses

99,2%

--SPWM

SVPWM
DV VVIVE

99,0%

4 DPWM1

98,8%

98,6% \\}‘\
\

98,4% T\T

98,2%
0,5 1 1,5 2 2,5 3 3,5 4 4,5
Switching frequency (kHz

Efficiency

Figure 3.2 Efficiency analysis of 3 MW 2L PWM/SI for SPWM, SVPWM, and
DPWM1 methods

3.1.2. Determination of the Controller

The controller type is also an important part of the converter design process. Two
subsystems, namely the electrical and mechanical ones composing the WECS are
specified by different control goals but the main aim is to control the power ohjecte

to the grid. Direct torque control (DTC) with a very fast response is generally
applied in the generator side converter. Grid side converter; on the other hand,

employs synchronous frame PI regulators.

Grid side converter controls the current and voltagenonics strictly limited by the
grid codes for multmegawatt WTs. The modulation tedpre is a determining
factor for the harmonic levels at the grid side as discussed in the previous section.

Grid currents can be regulated using voltage orientedraloat adaptive band
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hysteresis current control. Detailed information on voltage oriented control is given
in this chapter Adaptive band hysteresis current control provides g Vast
response current loofpb7]. The varying frequency due to fixed hysteresis band
makes the design of the grid side filter hard. With the adaptive hysteresis band
implementation, the prdém is solved. Ddink voltage cotrol is similar to voltage
oriented control algorithm and the controller operates in synchronous reference

frame as well.

Due to implementation easiness on 2L PWMIs, synchronous reference frame
voltage oriented control is chosen. The control of the gideé converter needs a
number of voltage/current sensofsvoltage sensor across the Bi6k capacitor, at

least two voltage sensors between the successive grid phase terminals, at least two
current sensors on the phase lines and at le@e current ssor on the Ddink

lines for the protection of the DIk is needed. Ddink voltage controller ulize

the voltage across the Btk as the feedback while PLL block requires at least two
phase voltages to obtain the phase angle. Grid side currentsneerten side
currents are measured as the main feedback variable for current controller. A
detailed discussion on the grid current feedback (GCF) and converter current

feedback (CCF) ialsogiven inthis chapter

3.1.3. Determination of the Grid Side Filter

Therole of grid side filters for VSI based converters is twofold. First, the grid side
filter provides a dominant inductive behavior to guarantee the proper operation when
connected to the utility. Second, PWM carrier and sideband harmonics generated by
the onverter are removed not to affect sensitive loads connected to the same
network. A simpleL filter provides these two requirements; however, the application

of L filters is verylimited for modern WECS.

Current harmonic levels at the grid side can beablpmatic issue especially for
high power systems. The attenuation of current harmonics is provided by passive
filters. The reduction in the switching frequency and high grid currents make the

design of the grid side filter very difficult. The realizatiohthe L filter with high
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inductance to meet the demands of standards and grid codes is quite expensive. The

dynamic response of the system also becomes poorer.

At the system level, disturbances created by some specific harmonics can be
deteriorated by endpying a bank of tuned.C trap filters. Nevertheless, lopass
filter attenuation is required due to the fact that grid codes are very stringent for
frequencies above a defined threshold. A higher otd&r filter could replace
standardL filter in terms d& harmonic attenuation capability athdC trap filters in
terms of grid code compliance. The schematid GL filter and bank ofLC trap

filters are showrn Figure3.3.

||
B
0

f1 f2

Figure 3.3 LCL Filter and bank oEC trap filters

I f the converterods switching fkChfitarency
is very difficult thatLC trap filters are used. Unlike tunéd filters, LCL filters act

on the whole frequency spectrum. Tdeneraldesign process afCL filter is given

in the following section Solutions to inherent resonance problem oflLtG& filter
aregiven in Chapter 4nd these methods are verified wsimulation results on a 3

MW WECSIin Chapter 5

Before going into detail on the design and the control aspects, the models of the
standard. and theL. CL filters are presented. Then caded control structure idc+

frame synchronous to the grid frequency is stafedo main issues related to the
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control of the PWMVSI are statedthe control of the DGlink voltage and the

control of the AC currents flowing to/from the grid.

3.1.4. Mathematical Model of the L Filter

When the converter is connected to the gridlviliiter, the following equation is

used to state the grairrentwhich is the main control parameter.

Q
w6 0 o Y ™ D 0 = (3.1)
Qo0
Q. P v ™ 0 o @0 3.2
06° & O (32)
The output voltage of the convertéf;, the grid voltageEgis, and t he i nverter?o

output currenti are he space vector parameters iril§3The statespace form othe

eqguation is given in (2).

o (3.3

O 0
w i
ThelL filter whosetransfer function is shown in @ is a first order filter, having no

cutoff frequency and the harmonic elimination performance of the filter is limited.

For a certain frequency, the harmonic attenuation capability of the filter can only be

increased by increasing the inductance valueortter to obtain a pure sinusoidal

output waveform, the inductance value should be arranged such that the undesired

harmonic components occurring in the frequency spectrum are at higher frequencies

than theL fiterb s gain crossover UuUrmealeB)dhe (frequen
fundamental current component atslmultiples can be controlled using the current

regulators; however, high frequency harmonics due to switching of the

semiconductor switches are not directly controlled by the current regulators.
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Although there are different modulation techniques produaingduced amount of
harmonics,current regulators are designed in the low frequency domain (grid

frequency) and are not responsible for eliminating the switching harmonics.

3.1.5. Mathematical Model of the LCL Filter

For the current control analysis, it is necessary to state the model Io€ thidter.

The outer DC voltage control loop also needs the current loop model. Accordingly,

the continuougs-domain)modelof theLCLf i | t er appl yi onagbeKi r c hh
obtained Time domain equations to find tkelomain model areh®wn in (34).

,Q" 1 p ’ 1 ) b 13 e, b

— Q0 +—— w o0 ©O o Y Q0o

Qo )] )]
Q 0
oY P oo . 34
O o} 5 WO w O (3.9
Q p .
—w 0 +— Qo Qo
Qo 0

With the state space vector definedcas "QQw |, the simplified state space

representation of theCL filter is given below as

WO B200 6z 0
(35)
® Qo bzmo

with A, B, andC matrices defined below.
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The state space representation da-plane is also demonstrated for better
understanding of the currerdontoller after the presentation cfpace vector
transformationsFor ideal grid conditiongi.e. grid impedance is omittedthe grid
side isassumed to be sherircuit as shown inFigure 3.4. The sdomain transfer
function of theLCL filter is simply derived from the ate space representation as in

(3.6) from the output variabléQto the input varialg, .

Lc Lg
lc lg(s
Ideal grid
|
crs) l_ short-circuited

Ve(s) Q9 = Cr

Vs

Figure 3.4 The basid_CL filter configuration with shortircuited grid side

. . ©Oi P
® i —_— (3.6)
w | | OLU | U U

3.1.6. Frequency Characteristics of theLCL Filter

By observing the transfer functis(3.3) and(3.6)as fis 0 appritcambehes t o @ 0«
said that thé&.CL filter converges ta. filter for low frequenciesThe capacitance has

a negligible impedance at low frequencies (i.e. grid frequency) hende&thélter
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IS equivalent toLc+Ly. Above the resmant frequency shown ifrigure 3.5, the

capacitor impedance decreases further and the harmonic attenuatiatitgagfdbe

filter rises from 20dB/dec t60dB/dec Theresonant frequency defined in. T3 is

the minimum impedace point of theLCL filter. The filter has zero impedance

ideally; however, ESRs of the cajtacs and the winding resences of the

inductors preventthis. These nozzero impedance paths favor the resonance
suppression yet <create powersiclesistosars . The
not sufficienn to damp the resonance hence the harmonics produced by the PWM

VSI or grid originated harmonicaround the resonant frequency are amplified
through thd_CL filter.

Bode Diagram
150 F

L-Filter
LCL-Filter

100 [~ T

Magnitude (dB)

-100 :
3 4 5
10 10 10
Frequency (rad/s)

Figure 3.5 The frequency characteristics of thélter and theLCL filter

b 0
000

(3.7)

The harmonics generated by the converter constitute a resonance problem, the result
of which is shown on the grid side current kigure 3.6 below. The excessive
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amount of harmonics seen on the line current leads to current stresses on the
semiconductorsThe voltageacrossthe filter capacitor containsarmonics as well.

The voltage levekhown in Figure 3.7 exceeds the D@nk voltage and the rated
voltage of the semiconductor switches. These overvoltages as well as the
overcurrents are harmful for the semiconductors and leads to the failuhe of
overall system eventuallyn order to prevent the resonant harmonics, active or

passivedamping measureshould be taken.

8.000k 2.000k
6.000k 1.500k
4.000k 1.000k
l Line voltage
< 2.000k l ‘ l 1 ‘ 10500k
o 0 " 0 E»
3 -2.000k ’ / N ’ ‘ ’ ’ , ! ’ ‘ -0.500k S
-4.000k ' ' ' Line current ' ‘ ' ' ’ ’ -1.000k
-6.000k -1.500k
-8.000k -2.000k
100.0m 120.0m 140.0m 160.0m
Time (s)

Figure 3.6 Grid side voltage and current waveforms of the insufficiently damped
LCL filter
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O L1 1

Figure 3.7 Capacitor voltage waveform of the insufficiently damp€. filter
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As the easiest way of providirtge necessargamping, anon-zero impedance path

is createdor the currentcomponents creating the resonance. This can be achieved
by simply adding a resistor in series with the filter capacitor. There are many
alternative ways to provide damping which are discussddall details inChapter

4. The additional resistor is called the damping resisRyrand the schematic of this

basic configuration is shown Figure3.8.

Lc Lg
MM MM
. -
Ci_L
Rq

Figure 3.8 The simple passive damping schematic

The simple passive damping solves the inherent resonance probleniGiLth&er
at the expense of resistive power lo&er the implementation of passive damping
(PD), the line currents are regulated and the undesirable effects due to the resonant

harmonics are eliminateak it is proven ifrigure3.9.

The ESR of the filter capacitor has a positive effect on the suppression of resonance
since it is also in series with the filter capacitor. Intentionally, inserting filter
capacitances wit high ESRs may seem to be an option; however, the temperature
rise on the capacitors due to the conversion of electrical energy into heat on the
internal resistances is not desired. Additional cooling expense may come up to
reduce the heat on the capaigtsince commercially available capacitors generally

operate up to 70 AC.

71



8.000k
6.000k

2.000k

4.000k

1.500k

/N

1.000k

2.000k:\

N
/ \me voltage /

~10.500k

Current (A)
o

-2.000k

N/

=]
Voltage (V)

-4.000k

e S

Line current

-0.500k

-6.000k

-1.000k

-8.000k

-1.500k
-2.000k

100.0m

120.0m
Time (s)

140.0m

160.0m

Figure 3.9 The extinction of resonant harmonics after the implementation of simple
passive damping

The modified transfer function of theCL filter including the series damping resistor

is found as

Oi

i oY

P

w i

i 600

i 0Y 0O

D

(3.8)

As it is observedrom the above transfer function, the presence of the tetmsain

the numeator leads to noticeabtiegradation in the filter performance. TH&@der

characteristioof the filter now decays down td'®orderat high frequency range

Nevertheless théerm with $ in the denominator provides the necessary damping

physically. The damping coefficient of the filter is also found as

0

(3.9)

A deeper analysis on the passive dampegivenin Chapter 4together with

advanced passive damping methods.
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3.2. Hardware Design Review

In this section, the selection of Bk capacitor and the design bCL filter using
the classical approadregiven. DC-link capacitor design is not in the scope of this
study; however, theasics & DC-link capacitor selection amneviewed to present a

top to bottom design example.

3.2.1. DC-link Capacitor Design Review

DC-link capacitor is selected by considering the curdmaivn from the capacitor

due to PWM operation of the grid side convedmrd the DAink voltage rating The
capacitor bank shall provide the necessary power exchange from the generator side
to the grid side and vice versa. The equation in0jxan beused for the calculation

of DC-link capacitor valug58]. The peakto-peak voltage ripple, Viippee shall be
defined first and the switching frequenafythe PWMrectifier is needed.

. (3.10)

With the assumption of grid side and generator side converters having the same
switching frequency around2kHz, the DClink capaitance is found as 11 mF for

10% peakripple. The voltage rating of the DdInk is set as 1070 V throughout this
study.

A suitable capacitor bank is formed using thes current through the capacitdgap
information given in (3.11).The current throughthe capacitor is found

approximately as 6250A using the abovementioned. data

w 06 “Q (3.12)
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Table 3.1 presents the technical information of suitabBl€-link capacitos from

AVX and Electronicon [59]. Film capacitors have higher power density than
electrolytic capacitors. The capacitance values are four times higher and the
reliability of film capacitors is superior to electrolytic on®esides, lte voltage
handling capabilityof film capacitors is two times the rated voltagderefore,

electrolytic capacitors are replaced by film capacitors in the industrial market.

Table 3.1 Technical information o$uitable DClink capacitors

Type number E50.M13-184NT7 FFLCBU1757K--
Capacitancealue( ¢ F) 175 1750

Tolerance on capacitance (%) | 10 10

Rated voltage (V) 1300 1200

Max rms airrent (A) 60 300

ESR (mY) 1.2 0.41

Stray inductancénH) 40 35

The number of pallel and series capacitors sglected using the rated capacitor
voltage and capacitge value. The selection of ElectronicBC-link capacitos

leads to prallel connection of roughly 68apacitorsvhereas only 6 gecitorsare

needed when AVX Ddink capacitors are usedhe curent rating supported by the
capacito bank formed using Electronicon capacitors goes up to 3gR0while the

bank of AVX capacitors can give 1800,,A Thesetwo ratings are below the
necessary Jae of Ic5p found above but the number of parallel capacitors can be
increasedurther. As the DCIlink capacitance is selected bigger, the voltage ripple

on the capacitor tends to decrease. It should be noted that the value of the capacitor

is limited by he cost, encumbrance and safety considerations.

3.2.2. LCL Filter Design Review

The grid side filter has two functions: one of them is to provide an inductive
behavior to secure the proper operation of the RV8Illwhen connected to voltage
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source loads such asethlgrid and the other one is to prevent the PWM voltage
harmonics to flow into the grid as harmonic current which may disturb other loads
connected to the same point of common coupling (PCC). The excessive amount of
PWM harmonics also creates power lossestiee semiconductor devices and the
filter equipments. The simplest way of introducing a grid side filter is to use
inductors; however, the harmonic attenuation capability of the stahdfitdrs is

very limited.

For high power applications as WECS, #vatching frequency is very low and the

size of the filter to meet the demands of the TSO and to comply with the grid codes
is very large. It will also be quite expensive and bulky to realize higher value filter
inductors. Additionally, the dynamic perfoamce of the system may also become
deteriorated. TunetdC trap filter may also be used to limit the values of harmonics

at certain frequencies but the stringent requirements of the grid codes recommend
using lowpass filter structures due to limitationsnragnitude for frequencies above

a certain threshold. The use of higider lowpass filters as theCL filter provides

an advantage to comply with the grid codes.

The design of a propdrCL filter requires very much attention. The movement of
designed filter parameters from their origin due to aging, stray
inductances/capacitances of the system or parasitic components mayo lead
instability of the systenfd]. Such a case should be treated carefully and regarded as

an important part of the WECS design.

Several dagn methods are presented [B], [4] and an improved design method
including the stability and controllability ahe system is discussed [&6]. An
overview of the conventional design algorithm should be stated at this point to
complete the design process of the simulated systems. The selection of filter

parameters igeferred for better understanding of the difficulties in the design.

As the general design methodology is iterative and the parameters are adjusted such
that certain equations or rule of thumbs are satisfied. Since the controller design is a

latter designstep, the filter parameters are selected so as to leave enough phase
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margin for the controllers. The resonant frequency is selected away from the
switching frequency in order not to cause any resonance due to controllers. Also, the
harmonic attenuation dhe filter increases as the resonant frequency is selected
further away from the switching frequency. In such a case, the effectiveness of the
filter or the contollers can be discussed. [B6], the selection of the control

technique (GCF or CCF) is a prerequisite forltku filter design.

The conventional CL filter design procedure is summarized step by step with the

following initial design inputs:

Rated power of the grid side PWWBI, P,
Frequency of the gridy

Voltage of the gridy/

DC-link voltage,Vq4c

= =4 4 4 -2

Switching frequencyfsy

1% Step: Grid side and converter side filter inductances and the filter capacitance
are expressed as the percentaigh® base impedancg, and the base capacitance
values which are defined in (3)1&nd (313) respectively.

@

5 & (3.12)
V)

5 P (3.13)
@1

where ¢ Q

2" Step: Filter capacitance value is determined as the percentage of the base
capacitor value. In generdl; is selected in the range of 1% to 5% of @yto meet
0.95 to 1.00power factor (PF) at the PC3]. This percentagex is defined as the

reactive power absorption ratio of the filter.

5 @b (3.14)
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The reactive power flow on the filter capacitor increasesisfselected higher than

5%. Consequent]ythe current drawn from the D@k capacitor increases and it
leads higher semiconductor and filter losses. Since the design process is iterative, the
capacitance of the filter capacitor is changed several times during the design process.
The amount of ripple passing from the converter side to the grid side is adjusted by

varying the capacitance value.

3" Step: By selecting the desired pettkpeak cure n't  r imfam the conveper

side inductor in the range of 10% to 25%, the stresses on the semiconductors are
limited. It should also be noted that the total inductance value should be less than 0.1
p.u.to limit the AC voltage drop on the inductasc®oreover, a higher value of
DC-link voltage may be needed to guarantee the controllability of the current. For
high power systems it may not be possible due to low switching frequency hence
higher current ripple on the converter side in. The value o&n te found using the
equation (3.1p

w

e (3.15)

w h e ripg«is gxpressed as 0.1 or 0.25 times the peak output cu@ent,

The correlation parametarpetweerl . andLg is defined so as to select the grid side
inductance. In order to minimize the fillemergy hence the filter sif8], [4], [6] r is

usually selected equal to 1.

0 10 (3.16)

4™ Step: The currehripple attenuation given in (3.17s calculated neglecting the
losses on the filter and the damping of the filBar.considering (3.14) and (3.Lthe

equation can be written as
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where s, is the switching frequency in rad/sec.

Selecting a ripple attenuation of 20% often provides a good filtering performance
and compliance with the grid codes. The r value can be increased beyonthé& but
disadvantages occurring such as the filter size, eost instability of the current

regulators does not worth the further decrease of the current ripple on the grid side.

The ripple attenuation rate for an arbitr&u@L filter is obtained inFigure 3.10 by
varyingr value. The current ripple permitted to pass to the grid side can be chosen

just by selecting the value pfrom the related graphic.

0.25

ot L
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
r

Figure 3.10 Ripple attenuation rate agaimst

5" Step: The resonant frequency is calculated us{@g.8 and verified that the
resonant frequency is in the range between ten times the grid frequency draifone
of the switching frequencgs shown in (3.19
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— 3.18
LULO (318)

pi QO ™Q (3.19)

If (3.19 fails to satisfy, the process goes back b s?ep to update the reactive
power absorption ratio (to changgor to 39 step to update the correlation factor
between the grid side and converter side inductance (to charadee). Due to the
reason stated in%step, updating r value is not adopted as the first choice to comply
with the requirements. As an alternative, reactive power absorption ratio can be
updated assuming that the switching frequency is fixed prior to the design of the
LCL filter.

6™ Step: A necessary amount of damping should be provided to avoid oscillations.
As the simplest solution to provide damping is to use damping resistors, the
minimum value of the damping resistors minimizing the resistive power losses is

calculated as

(3.20)

Although the value of the damping resistors are selected equal to the one third of the
filter capacitor 6s i mgydéodlawnpower canvertdidi,e r es o
[60], it is not the same for medium to high power converters of several hundreds of
kilowatts. t usually results for a higher damping resistor value hence higher power
losses. The optimum value of damping resistoseiscted using (3.2kuch that the

damping factorg is 0.707; however, adopting the damping factor around 0.5 both
provides the neessary damping and eliminates the excessive power losses on the

resistors.
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3.3. Control Overview and Controller Design

(3.22)

Stabilization is regarded as thmain targetof the controllerdesign procedure

throughout this study Besides, damping extent of the resonance poles are

investigated and correlated with high frequency oscillations occurring at the

transient periodsThe stability of thecontroller is depicted using MATLAB

outputs.

The control scheme of grcbnnected] CL filtered PWMVSI is shown inFigure

3.11 below. DC voltage control, power control, and grid management blocks are the

mainparts o

f t he controll er.

Power

control

output current and grid management deals with the extraction of grid phase angle.

]

7y
v [Modulator | ; Ve, v,
y -~ ¢ \ y -
7 Y % S
POWER CONTROL
DC VOLTAGE GRID
CONTROL > < MANAGEMENT
CURRENT | VOLTAGE
CONTROL | CONTROL
N A A _/

Figure 3.11 Overall control scheme of grcbnnectedl CL filtered PWM-VSI
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In this studydg-frame controllers synchronous to the grid frequency are used. As it
is shown in the control stcture of the PWMVSI in Figure 3.12, two-phase DC
signals are controlled instead of thy@ease AC signals by employing space vector
transformations. Control of DC signals is more useful than AC signals due to well
known benefits of linear control techniques. The controkerscessfully track the
reference values with zero steaslate error value as the control signals are nothing
but DC signals. The number of the controllers is also reduced from three to two by

employingdg-frame controllers.

Figure 3.12 shows the two loop cascaded control striectof a thregphase PWM

VSI. DC-ink voltage Vqc is regulated by the outer control lowapth the reference
input Vg . The output of the voltage control loop is the reference value of the inner
current control loop. fie active andhereactive components of the current feedback
variable are regulated by the inner control lodgence, thismulti loop control
stucturecaltbe named asi énbédagerrent control 0.
inner loogs regulatethe feedback variables in synchronous reference filaoked

directly to the grid voltage vector demonstrateth Figure3.12.

1 -3
?V
2

I LIL
7'y y

O, "or
—a _| PLL I; o
q Ui _%mm

| =
Vi, = 0% Ve P 3 Phase VSC I
@ Voltage = Qurrent | =W abc | Generation N =wan [ g
prcontrol [ ? ? > p-control "] dg g | > Fiter

Figure 3.12 Two loop cascaded control structure

The output of theouter DCIlink voltage control loops the dqg current reference

vector, "Q for the inner current control loop. Theé®, is compared with the actual
value of the current feedback varigbl@ transformed into thelg-frame and the

output of the inner current control loop then determines the reference value for the
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dg-frame VSC output voltage vector; . Afterward, this reference voltage value is

backtransformed into the stationagbcreference frameFinally, thethreephase
voltage vector is employed to generate PWM signals for the switching of the VSC.
The phase angle of line voltage vectors are obtained using-futkse loop (PLL)
algorithm stated irf61], [62]. Either GCF or CCF can be adopted the current
feedbackmethodas shown inFigure 3.12. It should be noted that theansfer

functionof theLCL filter is differentfor each method.

The internal current loop is designed such that the settling time is short and the
response of the controller is fast. The outer voltage loop on the other hand aims
optimum regulation and stability. The voltage loop therefore can be designed to be
slower. With different bandwidths, these two loops can be considered decoupled,
and so the current feedbacks measured from either converter side or grid side are
considered equal to their reference values when designing the outer DC voltage
controller. The contrgbroblem is linearized with this assumption.

Voltage oriented control is generally implemented in the synchronous frame
(rotating, dg-frame) with two casaed loops as shown iRigure 3.12. Moreover,
active/reactive power feddrward termsplus the rotating frame controllers offer
fast dynamic respons8ince the thre@hase current information is converted to two
DC signals rotating in synchronous with the grid freney, ¥4 , the performance of

the PI controllers increase due to the reference tracking capability of ltnstiaith

zero error in steadgtate.Hence, the reliability and th&@mplicity of the controller

are ensured. Furthermore, the decompositiorthaf threephase currents into two

axes makes the decoupled control of active and reactive power available.

In addition to voltage oriented controller approadth PI controller direct power
controller approachs also used in WECS desigfia6]. Alternatively, stationary
frame (U Brame) voltage oriented control desigren beused leading to an indirect
control. Resonant controllers; on the other hand; offer bsthplicity and high
performance and they are working in the stationary frame asAdsibugh theyare

not frequentlyused in industrial applications, adaptive band hysteresis current
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control and synchronous virtual flux oriented control with Pl contratien be

named as other control strategies.

The transformation of coordinate system is achieved using PLL. The control
strudure includes the control of Di{ihk voltage and the AC currents in tdeaxis.

The reactive power and the reactive component ofuhent are controlled in theg

axis The control algorithm also comprises the output filter inductance in order to
achieve a high accuracy current tracking. Thus, the voltage droghe output filter

inductances are compensated by the current controllers.

An important notice on the performance of the controllers is that the accuracy of the
PLL estimating the grid voltage angle is very crucial. The current controllers are
easily afected by the power quality problems described in Chapter 2. For

unbalanced grid condition and voltage sag or swell events, improvedtRldiures

are presented if62].

Transformation of threphase signals to twphase synchronous signals is stated in

the next section before the detailed explanation of two cascaded loops.

3.3.1. Space \ector Transformations of Threephase Systems

A threephase electrical system consisfsa set of three voltages and three currents
interacting with each other to deliver electrical powdowever, apractical three

phase system cannot be considered as the simple addition of three independent
singlephase subsystems. Actually, particular relations exist between the phase
variables of a threphase system, which invite the application of certain space
vector transformations to obtain a more elegant and meaningful representation of its
variables. Generally, the control system of a power converter connected to-a three
phase system is based these transformed variables.

Let i, Ip, andic be a set ofequally spacedthreephase current vectors iabc
sequence (clockwise direction) with grid frequency in the statioabcyreference

frame as shown below (i3.22.
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Firstly, these vectors are transformed into-pb@se stationary) freferenceframe
as shown irFigure3.13. The transformed current waveformsUrfreferencerame
are represented wiigandip and theyarealso inclockwisedirection.

120A

Ce

Figure 3.13 Stationaryabcframe and stationary Hrame

By decomposingabc phase vectors ok) and b axes three equations with three
unknownsare obtaineés shown i{3.23. The magnitude of each componentiif

frame is represented willy; whereasNs is used for the componentsabcframe.
LAY/ LI LI Y T t“ w ~ 8‘_
DLQ VvVQ v QA 90— v QA >

, . I“ , . "
60 m oG 0EL "QOE% (3.23)

0 Q QQ QIQ QIQ

Then, these three equationg®223)are organized in matrix notation (8.24).
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[Toslo
By using the orthogonality conditipn™Y Y ‘O , the transformation
matrix, Y  andNg/N; ratio are foundas in(4.13 where Y is thetranspose

of Y  andlssis 3x3 identity matrix.

pVIc pMc  pIVic "Q
P prc  pfc Q (329
n  Violg Vorg @

aln |

The transformation given in ) is known as famous Clarke transformation. The
norms of the vectors in both frames are the same since the traastor is
normalized using (3.923This results in the following equation:

Q 7 N 0 O 10 (3.26)

Zero sequencecomponentis not be utilized for the rest of thetransformation

analysis. Thus, for simplicity, it is omitted and the reduced matrix is shown in

(3.27).

Q ¢ P pIc pIc
(0)

Q
- NSO) (3.27)
m  Wolcg NoTq o
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As the next step, the transformed vectorshia stationaryJ Brame are referred to
the rotatingdg-frame shownin Figure 3.14. The currentvectorsin dgframe are
expressedsiy andigq. The frequency of rotation idg-frame is the grid frequency,
¥ 4. Using theinformation given inFigure3.14, stationaryU Eframe variablegan be
represente@s in(3.28. The stationary reference frame variableg3r27) can be
transformed into synchronous frame us({Bg9 where the displaceemt angle —

varies between-@ radians in clockwise direction.

b (stationary)

g (rotating)

¥ =% grid

-

d U (stationary)

d (rotating)

Figure 3.14 Vector diagram of PWM/SC control structure.

N 0 ™ (3.28)
Q 0 0Q — 1 Qo (3.29
TransformingU Bvectors using3.27), (3.29, and (3.29 alongtwo orthogonaldg-

axesresults intwo equations with two unknownshown in (3.30. Using the

transformation matrix, Ty, the equatios can be represented as in (3.31

< (3.30)
0 0 Q8 AT-O
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i Qt —@éi Q (3.31)
[Tadl
“Y satisfies the orthogonality condition i.Y Y ‘O ; where Y is

transpose of’Y andl,y, is 2x2 identity matrixThe transformation represented in

(3.3) withthead di t i onal MO0 sequence component

The normalized transformation frot Bframe todg-frame allows the norm of the

current vector to be same in both reference frames; hence

Q O QO 10 (3.32

By modifying (34) and usinghe transformations given above, the mathematical
model of theLCL filter can be expressed du-frame as

P : -
EOQ” 5 5T @R O 7 Y 1 Q0 0 O
0. P o -
Qs® T 9F Gy OV (333
Q. P oo o oo
Q& & S O G

As the current controllers operate idgframe, the transformation of the
mathematical model into the same reference is reasordigegrid voltage vector,

the converter output voltage vector and the filter capacitor current vector are all
denoted irdg-frame asVy dq Ve.de andVerdq respedvely. In addition,ig qqis the grid

current vector ané 4qis the converter current vectdrhe decoupling terms with ¥
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are resulting from the space vector transformations. The controllers may or may not

include this terms.

3.3.2. Phase Locked Loop

PLL is aphase tracking algorithm mainly applied in communication technology. The
algorithm provides an output signal synchronized with its reference input in both

frequency and phase.

In power electronics, PLL is a widely accepted method to determine the ahdes

of the grid voltage$18], [26], [61], [62]. The conventional synchronous reference
frame PLL transforms the thrg@hase voltage vectordm abc reference frame to
the rotatingdq reference frame by using Clarke and Park transformatisrshown

in Figure 3.15. The angular positiond is controlled by a feedback loop regulating
theg-axis component to zerdfter the integration of the grid frequency, the angular
position of the grided back in tle Clarke and Park transformations is obtained.

1% > Va >

a
v Clarke & Park ¢a)_9'

b Transformations V . 1 9
V q )

p— L »| PI —»@—» —

o1 =

Figure 3.15Phase locked loop in synchronous reference frame

The transfer function of the PLL can be shown as

0 i : (3.34)
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By modifying the transfer function (3.34a standard second order transfer function

could be obtained

0 i - : (3.35)

,  Xa
~
(3.36)
N
v p&o v

Selecting the damping rati@, as 0.707 provides an overshoot under 5% and the

settling time,Tseras 0.04, Pl parametecan be calculated using (3)36

When the grid voltage is not distorted, a high bandwidth for the PLL can be set and
it yields a fast and precise detection of thagghangle. On the other hand, the effect

of distorting components can be attenuated by reducing the PLL bandwidth. A
detailed investigation on the bandwidth and performance relationship of the PLL
analyzing the effect of voltage unbalanaed voltage sagsigiven in[26]. An
additional second order lopass filter with a cutoff frequency of 20 Hz could be
used to obtain the average voltage of thaxis componentVy. Then, the
reconstruction of the voltage is needed.

For severedisturbances such as asymmetrical components in the voltage or
variations in the supply frequency, more complex PLL structures including adaptive
filters and estimators shall be usddouble synchronous reference frame PLL,
synchronous reference frame PLL with positive sequence filter, synchronous
reference frame PLL with sinusoidal signal integrator and double second order
generalized integrator PLL are alternative PLL techniques used féity uti

applications of power electronics.
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3.3.3. Current Control

Different current control approaches are presented in the literature. Using only
proportonal controllersausesteadystate errors. An integrator is placed in the loop

to achieve zercsteadystate eror. A further improvement is accomplished by
replacing the integrator with a PI controller. The tracking performance even for slow
system poles is improved due to the zero of the PI controller. The parameters of the
PI controller are the proportional galify and the integrator time constaht The
transfer function of the PI controller is given as

(Y p
(Y

0 i 0 (3.37)

The filter capacitarC;is neglected for the control design since the curnttroller
operates at the grid frequen@}, [52], [63]. The effect ofC; becomes noticeable for
higher frequencies. With this acceptance, the grid side curgggand the converter
side currentjqqq becomes identical as in the case of sinipfdter. Therefoe, the
eguations given in (3.3&%an be simplified as

wp Y % 0 0 0 &4 O (3.38)

The current controllers are designeddagframe hence the decomposition of the

above equation alordjandq axes isshown in (3.39with the decoupling terms.
wp Y @ 0 0 0 =% O y 1 0 0 0 G

(3.39)

OF Yo & Up Ug Oy ogeh O i 100 O 0o o

Current controlleremploys either CCFor GCF. The illustration of these two
methodsis shown inFigure 3.16 (a) and (b)espectively. Apart from the feedback
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variable, the only difference is that theagjs reference input of the CCF is not zero

as in the case of GCF. Due to the presence of fdegracitance, the phase
information taken from the converter side does not match with the grid phase angle.
The g-axis reference is therefore setwgCiVyq in order to compensate the phase
difference. For light loads, the unity factor operation is guaeadt via nonzero
reference value while the unity power factor at the grid terminals is achieved even if

the reference value is set to zero in the case of CCF.

The tuning of PI controller parameters are done in the same way for both methods
since the filtercapacitance is neglected while designing the controller as mentioned
above. The tuning method is bdsen the symmetrical optimuif®], [52] owing to
decoupledd andq axis components. It should be noted that the decoupling terms are
found usng (3.39. The feedforward termd/y g andVy 4 are added to the controllers

to compasate for the grid vadige[54] as shown irFigure3.16.

opm opm
PI PI
| 0g+ Oq | g+ O L OJIIﬁ-Z
| g+ D9 s+ Og —Oa
PI PI
L a o .a
(@ (b)

Figure 3.16 Current control usinga) converter current feedba¢CF)and(b) grid
current feedbackGCF)

ThelL filter approximation give&, andT; valuesof the PI controlleas follows
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(3.40)

whereU is the proportion ofT; to Teq The relationship betweed and the phase
margin of the controllery can be expressed as

P WETI
— 341
e (341

A satisfactory amount of disturbance rejection with an acceptable level of overshoot
as the response to the step change of the reference can be satisfied by maximizing
the phase margin (i.ey O 4 5 y O “4sbbstituted in(3.42), U is found
approximately as 2.4. Howeveét s stated that selectirlg as 3 yields an overshoot

of approximately 4% and the settling time ef 8ontrol periods[5].

Emerging technological developments in digital processors are adopted by power
electronics designs as well. Increased computational capability and faster analog to
digital conversion time of microprocessodigital signal processordDSP9, and

field programmable gate arraysPGA9 have ledto advanced control techniques
with reduced delays. However, the transformation of the signals from analog domain
to digital domain is done by sampling and it has a certain delay which cannot be
ignored. Themost adofed sampling methods are singipdate with sampling at the

start of the switching period, singlepdate with sampling in the middle of the
switching period and double date with sampling twie in each switching period

[64].

At the K" instant the controller is able to set the PWM duty depending on the
modulation index,m value updated in the previous control cycle. Therefore the
PWM is adjustment is always one control cycle behind the real currents measured

from the system. This issue is addressed as sampling delay or PWM transport delay
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in PWM power electronics convertef3], [8], [52], [65], [66]. Figure 3.17 and
Figure3.18 demonstratehree PWM update methods by emphasizing the differences
between these ntfetds.

Sampling Sampling Sampling Sampling
Update Update
Modulationdndex Modulation-Index M DLLPU‘:::;“_ M ;‘Lﬁ:ttiin_
\ \ Index Index
4 ﬂ ﬂ
Carrier= Carrier-
| Signal —_ Signal
M(k-1) M(k) Modulation- M(k-1) MK Modulation-
Index Index
L L
Gate- Gate-
Signal Signal
k k+1 k k+1
Tswitch = Tconhol Tswltch = Tcuntrol
(a) (b)

Figure 3.17 PWM update methods (a) singl@date with sapling at the start
(b) singleupdate with sampling in the middie4]

Sampling Sampling

Update Update
Modulation-] Modulation-

Index Index
Carrier-
Signal
M(k-2) Mik-1) Modulation-
— M(k) Index
Gate-
Signal

k-1 k k+1

Tswiteh = 2:Teontrol

Figure 3.18 Double update PWM method

In Figure 3.17 (a) the sampling and the update of the modulation index are done

simultaneously. The modulation index value does not change during any sampling
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periodas the updates are done at the beginning of each PWM switching period. The
comparison of the voltage set value and the triangular carrier wave are done twice in

each PWM switching period.

Apart from the first methodrigure3.17 (b) describes the singlgpdate method with
sampling in the middle of the switching peridthe sampling is done in the middle

of the switching frequency while the update of modulation indeariged out at the

end of the switching period. The modulation index is updated gluhia control
(sampling) periodbut the comparison of the voltage reference value and the
triangular wave is done using the previous value of the modulation index fas in t
first method. The time difference between the sampling ant the update of the
modulation index is reduced hence a more accurate result is obtained. The actual
values of the currents are sampled a half switching period before the update of the

modulationindex.

Double update PWM methoshown inFigure 3.18 leads to asymmetal PWM

signals unlike singleipdate PWM methods in which the PWM signals are
symmetrical. This may lead to undesired current harmonics at the grid side.
Nevertheless, the amdwidth of the controller isdoubled using double update
method. As the controller bandwidth is doubled, the phase margin of the controller
decreases which may lead to higher overshoots. The sampling and the update of the
modulation index are done simuigously and the modulation index is updated
during the sampling period. For the next sampling period, the modulation index is
updated again hence two different modulation index values are used while
generating the PWM signal.

The PWM update method utilized the current controller design process is double
update. The sampling frequendympof the current controllers is set as the twice of
the switching frequencyfs,. For high power applications with limited switching
frequencies around a few kilohertz, this method extends the bandwidth of the

controllers.

94



In digital control of modern power electronics devices, significant delays occur in
the control loop such as messing delay (analog to digital conversion, computation
etc.) and PWM transport delag stated abové&enerally, processing delay is taken

as one sample delay while PWM transport is deemed as one half sample delay. By
reducing theLCL filter to a first ader delay elemen{64], the singlephase

representation of the current casitloop is given inFigure3.19.

Processing Pl PWM Delay é’Q’Q LCL-Filter
Delay Controller Plant
Q 1 g 1| [ Voed o Q
— ™ T+ ¥ | 00 T [P o i P =
faon i % 1+1 5 1+ 10 \U/('ﬁﬁ

Figure 3.19 Singlephase block diagram of current control loop

whereTsampis the sampling timeygisis the disturbance voltage modeling the impact
of variations in the grid voltage&Kpww iS proportional gain constant of the PWM
block, K ¢, is proportional gain constant of theCL-filter plant, andT.c_ is time

constant of th& CL-filter plant.

The delayelements can be combined to simplify the current control structure. The
equivalent delay timeTeq is taken as 1bampand the blockdiagram is shown in
Figure3.20.

Pl Equivalent é’Q’Q LCL-Filter

Controller Delay Block Plant
Q L i1 o % Do Q
i 1+ 1% 1+ Y0

Figure 3.20 Simplified singlephase block diagram of current control loop
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The controller design can also be carried out in the disdagtain by importing the
PWM and sampling delays as i®5], [64], [66]; however, continuous domain
design of the controllers is widely accepted antizeti methodn the literaturd3],
[51, [6]. [9], [30].

Generating PWM signals is also an important part of the current controller design.
There are numerous PWM methods presented in the literature. A survey on the
modulation strategies widely ed in power electronicsonverters are presented in
[67]. A guideline for PWM in power conversion with space vector definiign
given in[68]. Both carriefbased and carrierless PWM techniques applied on-open

loop and closedbop control are also given.

Space vector modulation (SVM) algorithmgeplacing sinusoidal pulseidth
modulation (SPWM)have become popular with the wide use of voltage source
converters. The methods are developed for a specific number of levels and the
complexity of the methods increase as the number of the levels inciidase
computational effort and the complexity are reduced with the application of space
vectors for the switching of power semiconductors. The space vectors resulting from

a balanced threphasesystem are shown irigure3.21.

V3(010) V3(110)

me

T~ Vier uax

V4(011) V4(100)

Vo(000)  (ty/To)Vy
V+(111)

Vs(001) Ve(101)

Figure 3.21 Eight possible space vectors for a thptase PWMW/SI
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The reference voltage vector formed by space vector transformatisystiesized

with two adjacent vectors and one or both of the zero vectors. Various SVM
algorithms can be applied by changing the sequence of vectors and the selection of
zero vectors. The differences mainly occur in THD, switching losses, harmonic

spectrumdynamic performan¢@nd torque ripple for motor drives.

The generation of PWM signals does not require trigopnometric functionsupook
tables or cordinate system transformationtsis carried out using simple equations.
The reduced computational effort makes the application of online calculated PWM
possible. Mostfrequenty used SVM techniques are spagector pulsewidth
modulation (SVPWM) and discontinuous puis&lth modulatim (DPWM) shown

in Figure 3.22 (a) and (b)respectively Depending on the modulator phase angle,
various DPWM techniques are derived. A commonly used one is DPWMheith
modul at or phase angle of 30A.

In Figure 3.22, zeresequence signals of SVPWM and DPWML1 derived from the
reference threphase signals are shown. Phaéseaeference signal is purely
sinusoidal and thenodulationsignal which is the sum of the zesequence signal

and the phasA reference signal isnadified sinusoidal

Apart from the abovementioned SVM techniques, active zero state PWM
(AZSPWM), near state PWM (NSPWM), third harmonic injection PWM
(THIPPWM), and remote state PWM (RSPWM) are other technigejesrted in the
literature [69], [70]. SVPWM and DPWM1 are applied as PWM generating
techniques in this study. SVPWM superior to DPWML1 in the low modulation
index range. As the modulation index increases, the SVPWM performance degrades
and DPWM1 becomes more effective in thgthmodulation index randé7].
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Figure 3.22 Modulation waveforms of (a) SVPWM and (b) DPWM1

3.3.4. DC Voltage Control

The power exchange between the load and the sautz&@anced by theontrol of

DC-link voltage. The set value of thd-axis current component edjusted by the
DC-link voltage controller. The dynanscof the DClink voltage can be stated in
(3.42 [3], [52], [71]. Hereo is the DGIlink capacitor,’Q is the source current

andisourcelS theinjected current to the VSC.

5 — Q0 S (3.42)
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The voltage control loop is designB&0 times slowethan the current control loop

[9]. The differencebetween the banddihs of these two loops provideke
necessary decoupling of controllers. The inner current loop is simplified as a delay
element with four sample timd@ifner = 4Tsamp for the design of the outer Dlihk
voltage control lop. The block diagram of the DIk voltage controller is

demonstratedsing (3.42in Figure3.23 below.

Pl Inner Current v .. . DC-Link
Controller Loop Qoo Capacitor
[ i+l Qo 1 Qo 30g0 | 'R 1 G

Uos — — o » T e
g i "¥s 1+ i"%q 2003 i 60

Figure 3.23 Block diagam of DClink voltage control loop

The symmetrical optimum method is alsdiddor the determination of Ddnk
vol t age @proportionabdaih eonstadipc andintegral time constantpc.
These parameters are found using

(3.43)

Where| is suggested asif [52] and the bandwidth of the voltage controller is 9

times narrower than the bandwidth of the current controller.

3.4. Stability Assessment

The stability of the cascaded control loop sysienthe literatureis basedon the

stability of the inner current loof hereforethe DClink voltage control loogould
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be ignoredand modedd as &C voltage supplyithout investigating the stability of

it [3], [5], [6], [8]-[10]. As an alternative common approach in the literature, discrete
z-domain analysis in conjunction with root locus of tpenl oop syst emod s
function is generally applied in stability analysis due to the discreteraaif the
control algorithm[5], [9], [52], [64].

The stability analysis is carried out using bode diagramsatetlzero diagram®sf

the investigated systems via MATLABFor thi purpose, opeloop and closed

loop transfer functions of the system witllCL filter under different damping
approaches are derived in the next chapter. However, a brief knowledge on the

stability issue is given here.

The admittance transfer function of th€L filter is given in (36). The resonance
problem of the undampeldCL filter is suppressed using simple passive damping.
The transfer function regardingelpassive damping is given in.83 Using thess-
domain transfer functian the bode diagram of the undamped and dah@édilter

can be sketched as fhigure 3.24. The resonant peak is smoothed using simple

passive damping approach.

Using the polezero map of the same transfer functions withntinuous time
analysis Figure3.25is obtainedThe undamped transfer function does not have any
zero. Three poles, one at the origin and two conjugate symmetric on the imaginary
axis are sen.The poles concerning the resonance are plaoethe imaginary axis
These poles disturb the stability of the system and shall be ntowbé left hand
side of the imaginary axidVith the application of passive damping, the resonant
poles are pushetb the left hand side of the-gkis satisfying the stabilityDue to
passive damping, an additional zero ocaurghe xaxis.As it is seerfrom the pole

zero map, the low frequency pole locatidoes not change, meaning that the
dynamic response of theysgem is not affected by the introduction of passive
damping. This an be verified usingrigure 3.24 as well. The low frequency
behavior of the filters not affectedvhen the filter is passively damped.
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3.5.  Summary and Conclusion

This chapter presents a design and control overview for a WECS. Based on the
knowledge stated in Chapter 2, thenverter type is selected. Bidk voltage and
capacitance valueswitching frequency, puls&idth modulation technique, and grid
side filter are choseMoreover, he theoretical analysis on the P\ANS1 with LCL

filter is conducted in this chapter. Starting from the mathematical model and
frequency analysis of simple filter and LCL filter, the control of a PWM/SI
together with a grid sideCL filter is presented. The conventional design process of
an LCL filter is described step by step. The controller design is analyzed deeply by
specifying thregphase space vectarahsformations, phase locked loop algorithm,
digital sampling of feedback variables, current contrpleErd DCIlink voltage
controller. An introduction to PWMmethodsis also statedAt the end of the
chapter, stability analysis of thaindamped and passiy dampedLCL filter is

carried out.

The requirements on the grid side converter define the converter topology. To
comply with the grid codewith reduced complexity and reduced switch co@ht
backto-back PWMVSI is chosen. Due to 690 line-to-line voltage of the
selectedgenerator, the converter is also designed in b the DCIlink voltage is
set as1070 V. The power semiconductors are selected with 1700 V and 2400 A
rated values. Paralleling of two IGBTSs is required to satisfy the cutosnthrough
the converter. DAink capacitor value is proposed and the number of capacitors is

defined for the selected high density film capacitor.

The switching frequency together with the modulation technique is analyzed briefly
using the efficiency urve obtained foSPWM, SVPWM, and DPWML1 techniques.

The apparent advantage of DPWM1 o&®WM andSVPWM is presented. The
switching frequency is also defined as 1.2 kHz leading to the overall efficiency close
to 99%.

The control method generally appliedrf 2L backto-back PWMVSI is

synchronous frame voltage oriented control. This method is chosen due to easiness
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in implementation. The grid side harmonic filter is proposed.@k filter. The
advantages ofCL filters over tuned.C trap filters are stated’he design olL.CL
filter for high power systems is reviewed and -tltcks of the controller are
presented.

After the presentation of individual control loops, the combination of the control
structure and the hardware demoatson is given irFigure3.26.
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Figure 3.26 Voltage oriented current control of a thuglease PWMVSI with LCL
filter

Both the DGlink voltage and the current control are utilized with Pl controllers with
the transformation of thrgghase currents intdg-frame. The reference tracking
capability of the controllers increase as the signals are transformed into DC values.
The decouplingerms are used in the current controllers to eliminate the effect of
each axis component on the other one. The PWM strategy used in the design is
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based on spaceector modulation; mainly DPWM1 and SVPWM are used. The
current feedback is measured from tiped side for better control of the grid
currents. The resonance damping is basically provided by passive damping
techniques for high power systems. However, AD methods could also be used for

small or medium power systems up to a few hundreds of kilowatts.
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CHAPTER 4

RESONANCE DAMPING METHODS

Resonance damping methods or simplamping methods foL.CL filters are
introduced in this chapteBue to the inherent resonance problem Bfodder LCL
filter, the harmonics produced by the P\WKSI or grid originated harmonics could
be amplified by the filter and cause the instability of the WECS hence tbke wh
system could be destroyeds the solutionto the inherent resonance phenomena
stated in thditerature, passiver active damping methods are utilizéxd.addition to
active and passive damping methods, advanced patsinging methods especially
for high power systems are reviewiadthis chapter. Moreovetywo novel damping

methods based on 9wl mode converters are presented.

In the literature, various active and passive damping methods are propasddr

to deal with the resonance issuel®L filters [4]-[10], [51], [65], [72]. With the
development of active damping (AD) methodse tuse of passive damping (PD)
methods hadeclineddue to power losses associated with the damping resiafors.
methods modify the reference voltage signal of the controller whereas PD methods
physically insert passive elementgith the LCL filter not to excite resonant
harmonics.The frequency characteristics of AD and PD methods are reflected in
Figure4.1. The suppression of resonant peak and theefransition at the resonant
frequency differ in each case. The behavior of the filter at frequehmlsr than

the resonant frequendyg also a distinctive point to be noted that PD reduces the
filtering performance while AD maintains the sanoharactestics with the

undamped.CL filter throughout the whole frequency spectrum.

The resonant frequency of th&L filter is selected usually below the half of the

i nvertero6s switching frequency. For high
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unfortunately very close to the switching frequency by design limitations. Further
decrease of the resonant frequency leads to bulky and costly filter elements.
Moreover, the voltage drop on the filter inductors increase and the system may not
be controllel. On the other hand, further increase of the resonant frequency leads to
smaller filter elements; hence, the output line current THD (typically below 4%)
cannot be satisfied. As a result, an optimized nmégawatt inverter has very close

switching and @sonant frequencies and passive damping of the system is inevitable.

Bode Diagram
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Figure 4.1 Bode diagrams of undampguhssively damped and actively damped
LCL filter

As mentioned above, passive damping losses are not acceptable for high power
inverters and losses should be minimized to reduce the cooling expenses and the
mechanical dimensions of the system. The propesétth mode converter based
damping SMCD) method suppress the resonant harmonics by emulating resistors

in series with the filter capacitors. The name of the proposed topologies, SAF
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compensatedtCL filter is originatedfrom the idea of emulating series resistors. The

details are given in the followinggectiors.

Passive and active damping methas well as natural damping which is the
realization of the inherent damping property of the contralterdescribed in detail

at the beginning of the chapt@ie limitations of each method are stated as well as
the advantages. Since the focus of this study is high power inverters, passive
damping methods are analyzed with various topologies naméWanced passive
damping methodsThe power dissipation on psEige damping elements is found
above the acceptable limits; therefore, the efficiency rating of the system cannot
reach the predefined efficiency target. A wise approach by emulating series resistors
via switch mode power converters is utilized to redineegower losses associated

with the passive damping elements.

4.1. Natural Damping

Conventionally, the current feedback is measured from the grid side but the
converter current can alternatively be meastioedhe feedback control. Thg axis
current (phase eoponent) should be set o CiVyq4 instead of zero in order to
perform with unity power factor, as the grid side current is not controlled directly.
Natural camping (ND); on the other hand, is not a damping method itself. It is the
understanding of inheremesonance damping capability of the current control loop

when converter current feedback (CCF) is applied.

The converter side current feedback has an inherent damping term which is
explained comprehensively if®]. The location of the resonant frequency with
respect to the critical resonant frequency;; in the frequency spectrum defines the

regions of dampingy ¢ is defined as

= (4.1)

whereTsampis the sampling frequency as discussed in the previous chapter.
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The application of converter side feedback is limited to power converters of several
tens of kilowatts whose resonant frequencies are belgw As the power rating of

the converter increases, the positions of these two frequencies interchange to provide
an optimum design in terms dfCL parameters. Hence, the natural damping
approach becomes invalid for high power rating invert€he block diagram of

CCF control method can be shown a&igure4.2 [6].

( LCL-Filter Plant Gy(s) )
YA 1 e g 1 Vet 1 ig
i Ug [ O¢ 1 Ug
Pl Controller
IO | § )

Figure 4.2 Block diagram of CCF control

The equivalency of CCF to GCF except for an additiogyaérm is shown irFigure
4.3 using block diagramransformationsThe inherent damping term is explicitly
shown such that the resonance damping effect is enforced by thiggjeFrom the
openloop transfer function shown in .@) it can also be deduced that damping

factor is adjusted by theurrentcontroller gainKp.

( . 3
LCL-Filter Plant Gy(s)
R Ve 1 ic [ 1 Ve [1 g
1T > T »(%)—» s > >
PI Controller A
Ge(9 \ )
o _n e 12!1
Go= O *Q
Inherent Damping Term

Figure 4.3 Modified block diagram of CCF control
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The inherent damping does not exist when the grid current is measured as the current
feedback, hence CCF could be deemed as more stable than GCF where applicable.
The deviation ofLCL filter parameters due to aging, temperature variatsord

system uncedinty is a challenging task for optimum design of the controller using
GCF without additional damping. If only the inherent damping characteristic of CCF

is relied on, the system may not achieve stability. However, a tuning oathgiray

factor is proposgin [6] at the expense of a deteriorated transient response.

4.2. Passive Damping

The easiest way teemovethe resonant peak of tHeCL filter is to adddamping
resistos as proposed if4], [7]. However, he power losses in conjunction with the
damping resistors create a major problem; so that, the method producing the
minimal losses, adding a resistor in series with the filter capaCit@ selectedThe
application of simple PBtructure is shown ifigure4.4. Without passive damping,

the LCL filter transfer function is 3rd order but it reduces ¥ &der when passive
damping is applied. The"2order characteristic of the filter when passive dampi

applied is clearly seen in.&.

Any change in the resonant frequency owing to the aging, stray
inductance/capacitance in the system, or large tolerance in the components does not
affect the stabity of the system since there is always nonzero impedance at the filter
capacitor branckliminatingthe resonare[4]. Hence, PD guarantees the stable and
long-laging operation of the system. Besides, unlike mBthods there is no need

to use additional voltage and/or current sensors in PD metlodshe contrary,
dynamic response of the system diminishes with the addition of damping resistors to
the LCL filter
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Figure 4.4 Simple PD structure applied on a 2L P\AXKSI

A nonzero impedance path for the undesired current harmonics is created by

inserting passive components to theL filter. In this way, the stabilizain of the

system is achieved while the harmonics transferred to the grid are reduced. For 4%
overshoot, the damping ratio should be 0.707; hence, the damping resistor should be
selected in accordance. Moreover, the minimum value of the damping resistor is

approxi mated as 20% ofy thgd¥.capacitords

The singlephase representation bCL filter with damping resistors connected in
series with the filter capacitor and the block diagram representation are shown in
Figure 4.5 (a) and (b) respectively. Equation .@ can also be verified using the
block diagram representation.

At low frequencies, the impedance of the capacitor is dominant with respect to the
dampirg resistor while the impedance of the damping resistor is much higher at

higher frequencies. Since the impedance of the capacitor is low enough to attract
high frequency switching harmonicspan-zero impedance shall be placed for those

harmonics creatinthe resonance problem.
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Figure 4.5 Simple passive damping witltCL filter (a) Singlephase representation
(b) Block diagram representation

Apart from the seriesonnected damping resistor approach, complex damping
methods can be applied with the addition of reactive components tdCthélter;
however, the cost and size of such damping methods cannot be ignored. The power
losses related to complex damping methack reduced to orfeurth of the simplest

casg7]; nevertheless, it is still very high for muitiegawatt inverters.

For small power applicains up to tens of kilowatts, dampingsistance does not
createsignificant reduction in the effiency. For medium power converters up to
hundreds of kilowatts and high power converters with several megawatts cating
the other hand, the power losses are extremely high leading to additional cooling
cost of the WECS.

Since the efficiency target of theulti-megawatt systems are around 99%, the
switching frequency is reduced down to a few kilohertz. The current harmonics;
however, increase in magnitude due to low switching frequency. Hence, the
components of theCL filter are selected such that thedgdodes specified by the
TSO are satisfied. If only gigantic filter inductors are selected, the resonant
frequency is placed away from the switaphfrequency13]. Nonetheless, bulky and
costly inductors are not allowed in WECS. Moreover, high inductance in the grid

connection reduces the dynamic behavior of the system. As a result, necessary
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damping shall be provided using PD for high power systems not to béedfieg
the switching harmonics of the PWWSI [4].

With the additional damping resistor, the current harmonics injected to the grid
increase as the filter attenuation is reduced. A tradeoff between the stability of the
WECS and low current THD value is adjusted by the selecti@awiping resistor.

The boe plotandthe polezero mapobtained via MATLAE are given inFigure

4.6 and Figure 4.7 respectively. The figures demonstrate the effect of damping
resistor value on the characteristic of th€L filter. As the damping resistor
increases, the stability of the system gets halachieve. The zero location along

the xaxis moves towards left, meaning that the settling time of the system increases.

Bode Diagram
20 ; F ; TR E

10 ; = f

I
/
]

-10

Magnitude (dB)

20~ ~ .

30~ NS A

_40 r d r d | S S S r r r r\r
T T T S T T T — T F F

90

-135

-180

Phase (deg)

=225

270} -

10° 10 10"
Frequency (Hz)

Figure 4.6 Bode plotsof the passively dampddCL filter for variousR.
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Figure 4.7 Pole-zero diagranof the passively dampddCL filter for variousRy

4.3. Active Damping

Active damping (AD) methods utilize extra sensors to sense the détgacitor
current/voltage or complex state observers to modify the reference voltage generated
by the controller$5]. The current through or the voltage acrossfilber capacitor is
sensed and added to the reference voltages through proportional or derivative
controllers depending on the sensed parameter. In this way, the controller does not

allow any resonant harmonics to be amplified by the inverter.

Filter baged active damping methods by changing the reference voltages of the
controller are also used without any state feedback via controllers. The verification
of active damping has been done \&arious researds [5], [8], [9]; however, lhe
limitation of the controller bandwidth is a majosu® for high power invertefd].

The sensitivity of active damping to parameter variations is andtheiback of this
method.

113



In this study, filter capacitor current; informationis used in order to achieve AD

in the current control loodf the voltage across the capacitd; is used, the AD
loop employs a derivative controller which may distur skability of the system. In
real life applications, derivative controllers are not favored due to the amplification

of high frequency and noise by the controller.

The additional AD loop together with theCL filter plant, Gy(s) is shown inFigure
4.8 below. The controller used in the AD loop is simply a proportional controller

with the gainKg.

Figure 4.8 Block diagram of AD loop with theCL plant

For the above representatiGy(s)is defined as

. O P i
O i I (4.3)
w i L I ]

Hence, the closetbop transfer functiorhaving ans® termis shownin (4.4). The
damping is provided by this term. A virtual resistance is added to the control loop

while the physical structure of the filter is not changed at all.
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AD can be applied either on GCF or CGhgure 4.9 shows the application of AD
using the filter capacitor current on GCF methdthe operAoop characteristic
should include the damping term to eliminate instability. Stability analysis tisng

polezero mags also conducted with opdoop transfer function in (8).

(" LCL-Filter Plant Gy() )
g1 Ve 1 le _da—1 | Vo Ig
i = 1 O¢ 1 U¢

Pl Controller
G(9)

Figure 4.9 Block diagram of GCF with AD loop
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(4.5)

The degree of damping is adjusted by changing AD controller igifThe sizes of

fiter components are also effective when adjusting the damping degree. For
optimum damping with 5% overshoot, the damping ratishould be set as 0.707

[6], [9]. ThereforeKqy can be found using (@).
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If AD is applied onCCF, Figure4.10is obtained using the modified block diagram
of CCF.The opeHoop transfer functioms in GCF case is derived in{4 It can be
understood that hcurrent controller gairk, and the AD gainKqy has the same

influence on the damping extent of the system.

( . )
LCL-Filter Plant Gy(s)
L1 Y 1 ic e[ 1 \ 1 Ig
1% i Og % i 6¢ i O
PI Controller A A
Ge(9 A )
, PR
3 (o]
Inherent Damping Term l AD Gain J

Figure 4.10 Block diagram of CCF with AD loop
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4.7)

Similar to the previous case, the current controller gain and thgafDare adjusted
as shown in (8). It should be noted that the effect of AD tive stability of the
WECS using CCF is limited due to the presence of an inherent damping term

yielding the very same effect.
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The pole-zero diagranmshown inFigure4.11 demamstrates the behavior of closed

loop poles. Without AD, GCF does not achieve stabdgyt is discussed previously.

The conjugate symmetric poles of tledamped systemre pushed to the left hand

side by applying ADbn GCFE On the contraryCCF satisfies a stable systevithout

AD. With theaddition of AD gain, the closeldop poles of CE method only moves

within the stable regiarThis fact suppostthe finding derived in (Z). The damping

coefficient inherent to CCF is summed with the AD gain, Kd and
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Figure 4.11 Pole and zertocationsunder GCRwith AD, CCF withand witlout AD
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4.4. Advanced Passive Damping

PD is an unproblematic solution to the resonance issue @iGhdilter as stated in

the previous sectignhowever, the losses caused by PD are extremely high
especiallyfor high powerWECS The resistive losses may increase up toa2%he
WECSO6s r aangdhe gfficieneyf the overall systendecreases severely.
Advanced passive damping methods could be used instead of simple passive

dampingonly with resistors.

The topologies analyzed irnhis study are proposed ifY]. The calculation of
resistive losses is stated but the frequency characteristicstay@wem The damping
extent andthe supression of the resonant peak aegy important forthe optimum

design ofLCL filter as well as the overall efficiency of the design.

In the following, four differentLCL filter topologies combined with reactive
components are presenteéal.each case, inductors of th€L filter on the grid side
and on the converter side are assumed the sarhis atated irthe design process in
Chapter 3

4.4.1. Design of Advanced Passive Damping Methods

Figure4.12 below shows advanced passive damping methods. Reactive elements are
connected in series or parallel with the damping resistors in order to provide a
suitable impedance path for the resonamtrfonics.

An additional damping inductor is connected in parallel with the damping resistor in
Figure4.12 (a), Type 1. At the fundamental frequency ¢ the inductor in parallel

with the resistor should provide a low impedance so that the resistive losses are
minimized. At the resonant frequengy= (e3the resistor must accept the dominant
part of the current flow through itself for a suitable damping performance.
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Figure 4.12 Advanced passive damping methdds Type 1, (b) Type 2, (c) Type 3,
and (d) Type 4

Transfer function othe abovementioned damping safatic is given in equation
(4.9). The characteristics of the advancedchgang method shown iRigure4.12 (a)

is similar to the simple passive damping case as the transfer function is in the order
of two. The damping inductor value islaaated using the equation (#0). The
impedance ratios di&y andLy at the fundamental frequency and resonant frequency

are kept equal fdkeeping a proper balance

w oO6Y 00 00 00 (4.9)
o 0 0 O
® YO O

Al l 410

01 Y (4.10)
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In Figure4.12 (b), Type2,adamping capacitas added in parallel with the inductor

and resistor for reducing the losses with regard to switching frequency harmonic. A
very small impedance path is creatgdinserting the damping capacitor. At= ¥

the dominant current flow path is through the capacitor while the resister enly
effectiveelement aty = & As the switching frequency and the resonant frequency
are very close for high powenverters, it would be risky to create a small
impedance path. The resonance may be triggered by harmonics at the sideband of
the resonance even if they are very small. In the frequency characteristics, it is seen

more clearly.

Transfe function related td-igure4.12 (b) is derived in equation (#1). The third
order transfer function may provide an advantage for removing the switching

harmonics. The value of dampingpe&itor is calculated using.().

Oi i 60°Y O00Y (0 Y

w i i i o i oi

® 600'Y0DO

w 6000

(4.11)
® Y O00D 600 o600 o600 o600
® 0 0 0
® YO O
¥ (o} Y
PA0 | . (4.12)
Y P70 T

Most of the current harmonics at the switching frequency are bypassed through the
filter capacitor,C; in Figure 4.12 (c), Type 3 The resistive losses are eliminated
while the damping performance of the filter is kept satisfactory. The value of the

damping capacitor is the same a3 ype 2.
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Transferfunction of the filter shan in Figure 4.12 (c) is derived in the equation
(4.13) below.The third order characteristic of the filisrmaintained as the indicator

of superior performance for removing the high frequency switching harmonics.

Oi oY »p
o1 B Bl Bl o
O 600°'Y6
b 00 6 6 (4.13)
S 6V 0 0

&5 0 D

Lastly, a more advanced topology is showifrigure4.12 (d), Type 4 The damping
inductor is connected in parallel with the damping resistor as the difference from
Type 3.The resistive losses at the fundamental frequencyreatecedwhile the

damping performance is not affected by the insertion of reactive elements.

Equation (414) demonstrates the transfer ftina of the filter inFigure 4.12 (d).
The third order characteristic of the filtesflects the good filtering performee as

in the case ofype 2 and Type.3

Oi i 06Y {0 Y
wi i o o o i

~

w O0600YDO

o 000 6 6
(4.14)
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4.4.2. Frequency Characteristics of Advanced Passive Damping Methods

Using the transferuinctions given in equations.@3, (3.8), (4.9), (4.11), (4.3), and

(4.14) the frequencyharacteristics of the filtermre demonstrateds it can be seen

in Figure4.13, the undamped case causes an infinite gain aewant frequency
which should be smoothed. Simple passive damping provides the necessary damping

effect at the expense of resistive losses.
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Figure 4.13 Bode plots of investigated advanced passive damping methods

Advanced damping method Type 1 is very similar to the simple passive damping in
terms of both the magnitude response and the phase respgi@ui/dec slope in the
magnitude response beyond the resonant frequency is maintained. The phase margin
is almost he same as the phase crossover frequencies are very close to each other.

The magnitude response of advanced passive damping Type 2 is somehow different
as a resonant peak occurs at a frequency very close to the switching frequency.

There is a high risk ofesonance for this case. The phase crossover frequency is
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shifted to the right side of the undamped case, leaving no phase margin at all. The

filter should be tuned not to create undesired oscillations.

The responses of the advanced passive damping Tgpd 3ype 4 are found to be
similar despite the addition of a damping inductqr,There is a slight difference in
terms of phase crossover frequency. The latter method provides a higher phase

margin and hence a more stable system.

As the resonangeroblem may be triggered due to a fmmro gain of Type 2 around

the switching frequency, the filter is tuned according to the results obtained from
Figured14 The damping capacitor value is wvar
is found to be more suitable since the resonant peak is diminished although the phase
crossing frequency is shifted towlar1100 Hz. A further decrease of the damping
capacitor value does not make a significant effect on removing the resonant peak.
Moreover, the phase crossover frequency gets closer to the switching frequency.

Hence, 200 e©eF is selected.

Bode Diagram
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Figure 4.14 Tuning of the damping capacitor value for Type 2
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The overall comparison of bode plots with €gtuned isshown inFigure4.15.
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Figure 4.15 Bode plots of advanced passive damping methods, Type 2 tuned

4.5. Switch Mode Converter Basedamping

The proposed SAF compensatsgistems are investigated under twdstidct
topologies: transformeroupled SARTC-SAF) and directlyconnectedSAF (DC-

SAF) both acting as equivalent series damping resistors.

TC-SAF has three auxiliary singfgthase PWM coverters connected to a common
DC-bus and each of the auxiliary converters has its own current regulédter.
out puts of the auxiliary converters
voltage and current waveforms on the thpbaselL CL filter. On the contrary, DE
SAF has a common auxiliary thrpease PWM converter connected to theL
filter via ac coupling inductors. The first topolots thoroughly analyzed if11] but
an overview is still presented if12]. Proposed in12], the second approach;

however, eliminates the coupling transformers hatvesthe number of auxiliary
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converter switchesThe common aspects of these methods are stated via schematics

below

SAF algorithm is applied to a selected frequency bandwidilhich the resonant
frequency exists while passive damping provides a constant damping ratio along the
whole bandwidth. Simplified circuit diagrams at the fundamental frequency and

resonant frequency are demonstratedigure4.16 andFigure4.17 respectively.

LC Lg
MM MM
- >
IC *Icf Ig R
Cs

@ grid
VC - I—grid
| 1
@ | Var=K*lem |
VCh | I Egrid
Active Filter

Figure 4.16 Singlephase equivalent circuit of SAF compensated system

- -
i |
V & | I
Ch I K I—grid
Active Filter |

Figure 4.17 Singlephase equivalent circuit of SAF compensated system at the
resonant frequency

The subscript iho de ncompenent df the cumrensts and a n t

voltages. The effect of passive damping is directly applied by an activgystém

yet a major difference occurs in the efficiency rating of the invefiee. resistive
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losses of PD are transformed to switching and condutdsses of semiconductors
in SMCD.

4.5.1. Design of SMCD Methods

45.1.1. Design ofTransformer-coupled SAF Based Damping

The proposed transformeoupled method offers a suitable solution to suppress the
resonant harmonics appearing in the system for high power invegerating at
very low switching frequencies. A thrgdase 2L PWM/SI is shown inFigure
4.18 together with 3 auxiliary fulbridge converters. The VSI is connected to the
grid via anLCL filter and current feedback for the closémbp controller is taken

from the grid side.

JJ} —IJ} _1:} Grid
_____ =
I'CDC LC Lg |Rgrid I—grid Egrid |
> >
+ . Egrid |
Voe Q) ml = e i o M
(v l Egrid |
_y g |
==CDC | | _I IC Ig L - Y — _—_ 4
Ci=r == =
T e v B
r—|1— I [ —===""-"
|siT 3 |sre[14 |
| — = T |
| SIT}lE | SRF I:Ii#}] Vaux
| —_ - |
-r——
| SIT}lE srF| |_lﬁ'3] :
| Active Fiter_ _ _ " T _

Figure 4.18 Grid-connecte®L threephase VSI withTC-SAF based damping
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The main inverter cannot be stabilized by active damping due to very low switching
frequency of the inverter. The resonant frequency; on the other hand, has to be
smaller than the switching frequency in order to satisfy the grid harmonics
regulation. The dsigner shoulglace appropriateCL filter components irp.u. to
provide suitable harmonic attenuation ratio at the switching frequency and its
multiples. In contrast, the excessive sizes of line and converter side inductors create
a significant voltage drop on the passive components, which should be kept small
(4% typically) by the designer.

The singlephase representation of T8®AF compensated system is showrigure
4.19. Singlephase fulbridge VSI, series injection traimsmer (SIT) and switching
ripple filter (SRF) are the main parts of the-BBF compensated system.

Main Inverter - 1T - - = |
| 1n oo —_—
< Caux I
AR 3,
I SIT L . aux,DC |
L — — _ _ _ ActiveFilter |

Figure 4.19 Singlephase representation of T8AF compensated system

SIT provides galvanic isolation between the main and auxiliary inverters. The turns
ratio matches the voltage magnitudes of primary and secondary sides such that the
desired voltage in series with the filter capacitor is maintained. The SIT should have

low leakage inductance to keep the voltage drop on it low. Moreover, the harmonic
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voltage applied to SIT should not cause overheating. The flux density of it must also

be high in order to prevent magnetic saturation issues.

SRF is a lowpass filter composedf @n inductor, a capacitor, and a resistor in the

form of connection shown ifigure4.19. The high frequency PWM ripple of the
auxiliary VSI6s output voltage is filtered
the second orddrC filter is provided byR,, The cutoff frequencyof the filter is

adjusted such that the harmonic attenuation ratio is satisfactory while the filter size

is kept minimum.

The bode plots of the TSAF compensated and undampecl filters are given in
Figure4.20. A better harmonic attenuation performance at the switching frequency
and its multiples is offered by the T®AF compensatedCL filter compared to
passively dampetCL filter. Nevertheless, the resonant peak is still present on the

bode plot but with a smaller magnitude.

. . . . P . . — TC-SAF
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Frequency (rad/s)

Figure 4.20 Bode plots of TESAF compensated and undampézl_ filters
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45.1.2. Design ofDirectly -connectedSAF Based Damping

The proposed DGAF topology together with 2L PWMSI connected to the grid
is shown inFigure4.21. Singlephase representation of BEAF based tpology is
also shown inFigure 4.22. DC-SAF components are a thrphase PWI inverter
and a thregphase AGlink inductor, L,y The active filter is connected in series with
Cs throughL g
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Figure 4.21 Grid-connecte®L threephase VSI wittDC-SAF based damping

The voltage at the auxiliary DBus is used to implement the selective resonant
harmonics elimination algorithm. Due to high current and-Voltage on the
auxiliary inverter, the semiconductors can be selected as MOSFET instead of IGBT.
The smaller voltage drop on MOSFETs when the device is conducting is very

attractive.

The bode plots of DGAF compensated and undampedL filters are given in
Figure4.23. DC-SAF has blunted the resonant peak more effectively thaSA

The gain at this frequency is below 0 dB, refusing any harmonics to pass to the grid
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side At higher frequencies, the filtering performance is limited due to-dinchér
characteristics of the DSAF compensatedCL filter. Poor filtering performance of
the filter may result in a higher THD rating especially for switching frequencies of a

few kilohertz.

Voc® +Coc | J

Main Inverter

Figure 4.22Singlephase representation of BEAF compensated system
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Figure 4.23 Bode plots of DESAF compensated and undampezi_ filters
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4.5.2. Control of SMCD Methods

45.2.1. Control of Transformer -coupled SAF Based Damping

The current through the filter capacittg; is measured and processed by the current
regulators of the auxiliary converters. The current harmonics around the resonant
frequency are obtained from the measuwredent information via a banghass filter

and reproduced by the auxiliary converters. Mg frequency ripple content of the
auxiliary converters is limited by addition&l,Caux filters. Hence, a controlled
voltage in the same phase with the resonant current is applied across the SIT
terminals, in series with the filter capacit@onsequetly, the effect 6a damping
resistor isapplied on th&.CL filter through a series transformé&roposed algorithm

also provides a lontading operation for the system.

The ontrol block diagram of the general system is demonstratédjune4.24.

3Phase VS
PWM
abc . lab
—>| ~ &I:iﬂgr v > dq v »| Generation > J » L Flter ‘>
d d
’ ! LI
4 A *
q AL Vabe $eri§s
Injection
Transformer
Sngle Phase *
| Auxiliary —
2, Band Pass || Converter | Switching
Flter Rpple Flter
d
\ 4
abe |
|dq dq N

Figure 4.24 Block diagram of PWMVSI with TC-SAF

SIT provides coupling between th€L filter side and the auxiliary converter side. It

also leads to reduced semiconductor losses iaukgiary converters. Lowoltage,
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high current at thed.CL side is transformed to higioltage, low current at the
auxiliary converter side; therefore, seomductorlosses decrease noticeably. DC
bus voltage of the auxiliary converters is set to 600V so as to reproduce the resonant

harmonics without entering the owerodulation region.

Proportional controller is applied to filter capacitor resonant harnwamrent,l s to
emulate a resistor by means of creating a voltegg,at the output of the auxiliary

VSI. The voltage reference driven by theatoller is given in equation (45).

o 0270 (4.15)

Auxiliary converters work only fos = gndrtle transfer function stated in.g3

is recalculated as follows;

Oi i 6 p

— (4.16)
w1 I OV Il OL UL U |l U

It is clear that the passive damping and SAF methods produce the same transfer
function for¥ = ¥he auxiliary converter gairK is replacing the damping
resistor, Ry term in (38) and emulates the damping resistor. Passive damping
provides aconstant gain along the whole bandwidth while SAF produces a
controlled voltage only at the resonant frequency. The controllable auxiliary system;

thus, increases the overall efficiency of the system.

45.2.2. Control of Directly -connected SAF Based Damping

The conroller of DGSAF compensated system is a proportional controller using the
grid side current information]y as the feedback. The measured current is
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transformed into synchronouds| reference frame and a bapéss filter is applied to
select the harmonicomponents around the resonant frequency. The filtered current

information is then multiplied by the P controller galine control block diagram is
shown inFigure4.25.

3 Phase V]
PWM [
Qurrent o abc o . o N abc
| ¥| controller V.. |da Vo Generation » | »|LCL Flter >
da L dg L= abc” | L] L ¥
A A
m \Y/ AGlink
Hlin
a abe Inductor
Three Phase A
| lon* vV Auxiliary
9 [Band Pass| '9" | aurrent ref | converter
Filter " | controller »
d
v T |
abc - Cf
dq h

Figure 4.25 Block diagram of PWMVSI with DC-SAF

The ransfer function of the DGAF compensatedCL filter is givenin (4.17)

(4.17)

whereK is the gain of the auxiliary thrgghase PWM inverter.
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4.6. Summary and Conclusion

ND, PD, and AD methods are analyzed in this chapter. The theoretical analyses and
the simulations of all three systems are given. For high power applications such as 3
MW, the application of ND and AD is not possible due to limited controller
bandwidth. PD seents be the only option for mulinegawatt WECS. The resistive
losses due to PD are not desired; hence, alternative damping structures are validated

through bode plots and simulations as well.

Advanced passive damping methods @s®valid options to removéhe resonance

as simple passive damping. The current flow path is modified by placing damping

inductors and capacitors connected in series or parallel with the damping resistor.

The losses with regard to the dangpnesistor are reduced down3 of the simple

passive damping cas@&he resistive losses are still too high for muiigawatt
applications since the damping resistors caud
rated power. For a 3 MW application, thewerlossdue to PDs around 6(kW and

it can only be reduced to 20 kW via advanced PD in the cause of increased

complexity and cost. At this point, the advantages of SMCD methods come into

discussion. The reduced power loss by utilizing SAF based topologies is very much

desired since thlong term benefits are worth to implement.

The advantages of DEAF compensated system over-BBF compensated/stem

shall be statedDC-bus voltage rating of the auxiliary converter is redufredh

600V to 200V; hence, higholtage IGBTs shall beeplaced by cheaper MOSFETs
having lower forward voltage drop. The reduced voltages also mitigate radiated
and/or conducted EMI emissions. Moreover, direct connection of the active filter
part eliminates the usage of heavy SITs, limiting the dynamic peafoce of the
system and having saturation problems. A possible disadvantage; on the other hand,

is the increase of the auxiliary converteros
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CHAPTER 5

VERIFICATION OF DAMPING METHODS

In this chapter resonance amping methodsvhich arestated in the literature but
lacking the proof on mukmegawatt WECS are verified for a 3 MW WECS by
means of computer simulatiariBhe simulation studies are carried out via An$oft
SIMPLORER. Moreover,3 MW PWM-VSI is simulated with differentdamping
methods. The steaestate waveforms of the proposed damping methods are

demonstrated as well as the load dynamic responses.

Simul ation model i n S Fidate b.1. Segdfateiblockspof e s e n t
PWM-VSI, LCL filter, grid, and control blocks are seen clearly. The control blocks

are presented as sub blocks; PLL, curregulator, active damping, DRus voltage

reguator, and PWM.

The paameters of the simulated systane given inTable5.1.

Table 5.1 Parametersf the simulated 3 MW PWN/SI

Symbol Quantity Value
Prated Rated power 3 MW
fow Switching frequency 1.2kHz
o fsamp Sampling frequency 2.4 kHz
§ Vic DC-link voltage 1070V
c Vg Grid voltage 690 V
= fy Grid frequency 50 Hz
~ Lg Grid side inductance 80 OH
Lc  Converter side inductan 80 OH
Ci Filter capacitance 1000 OF
Ry Damping resistance 0.2 Y
Lg Damping inductance 160 OH
Cq Damping capacitance 814 OF
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Figure 5.1 2L PWM-VSI simulation model in SIMPLORER

136



Although ND would provide astablesystemwithout additional damping, it cannot

be reliedon practical apptiations such as high power grid side PWHI of
WECS Thus,ND presentsa solution only in theory. Als not feasible for 3 MW
system since the controller has inadequate bandwidth. Therefore, the simulation
studies are not applied for NBnd AD due to limited phase margins of the
controllers. Instead, they are applied on 1 MW system which has a wider bandwidth
due to increased switching frequency. The comparison of ND and Abodeeare
conducted in Chapter. 6

5.1. Simulation Results ofPassive Damping

Figure 5.26 shows the simulated waveforms obtained frgassively damped
system. The converter side, grid siéad filter capacitor current wavefornase
shown during two fundamental pedi of time at the steaektate.
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Figure 5.2 Passively dampeslystem steadgtate waveforms
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In Figure 5.3, passively damped system is enabled at t=100ms when the system
operate with no damping. Then, PD is disabled at t=160ms to demonstrate that the
oscillations start again at the resonant freqye When PD is disabled, the
magnitude of the oscillations grews time passes.

80.0m 100.0m 120.0m 140.0m 160.0m 180.0m 200.0m
7.500k I A
6.250k ad (A)
5.000k
3.750Kk NP A A Part e o Vi
2.500k
1,250k

0
80.0m 100.0m 120.0m 140.0m 160.0m 180.0m 200.0m

Figure 5.3 Activation of PD from undamped condition

In Figure5.4, the converter side current, the grid side cutrand the filter capacitor
current are demonstrated both at the transition from undamped to padsingigd
condition and at steaelstate. he high harmonic content in the converter side
current is removed usingCL filter. The enormous magnitude of the filter capacitor
current for the undamped case is controlled via PD. Otherwise; the capacitors would

not withstand such current oscillations.

Dynamic respose of PD is shown ifigure5.5. Both the transition from light load
(20%) to full load (100%) and vice versa are shown in the same figured-axis
current, lyq also shown inFigure 5.5 explains the dynamic behavior of passively
damped system. Due to larg€L inductors, the transition from rated load to light

load takes a longer time.
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Figure 5.4 Current and voltageaveformsduring the transition from undamped to
passively damped condition and vice versa
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Figure 5.5 Load dynamic response of passively damped system from 20% load to
rated load theto 20% load again
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The FFT result of the grid side current is whoin Figure 5.6. In the frequency
spectrum, low frequency harmonic components (up to 500 Hz) and resonant
frequency harmonics at the sidebands of 900 Hz mixed with the switching frequency
harmonics at the debands of 1.2 kHz are evident. The switching frequency
harmonics around 2.4 kHz are not removed due to the deteriorated filtering
capability of the passively dampddCL filter. For the higher multiples of the
switching frequency, theCL filter is suitabé enough such that no harmonics seen
beyond 3 kHz.
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Figure 5.6 FFT analysis on grid current of passively damped system

5.2. Simulation Results of Advanced Passive Damping Methods

The steadystate waveforms dhe advanced damping methods are given in this part
of the chapter. The current waveforms at the grid side and the converter side
together with the current waveforms through the dampingstoes and
inductors/capacitors are demonstrated for Type 1 to #ypé-igure5.7, Figure5.8,

Figure5.9, andFigure5.10respectively.
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Figure 5.7 Steadystate waveforms of advanced passive damping Type 1
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Figure 5.9 Steadystate waveforms of advanced passive damping Type 3
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Figure 5.10 Steadystate waveforms of advanced passive damping Type 4



Dynamic load responses of advanced passive damping methods on the grid side
current from 0.2p.u. load to 1p.u.load att=100ms and back to 0.p.u. load at
t=160ms are shown ifrigure5.11to Figure5.14 in the ascending order. The direct

axis current is also shown to demonstrate the settling times at the instants of both

increased and decreased load conditions.
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Figure 5.11 Dynamic load response of advanced passive damping Type 1
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Figure 5.12 Dynamic load response of advanced passive damping Type 2
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Figure 5.13 Dynamic load response of advanced passive damping Type 3
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Figure 5.14 Dynamic load response of advanced pasdamping Type 4

The verification of the advanced damping methods can be easily demonstrated by

activating the filter in the presence of a resonance. On the following figigee

5.15, advanced passive damping methods are activated @@ns and deactivated
att=160ms and the grid side currents are shown. Resonant harmonics are definitely
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removed in less than half of tfendamental period time in most of the cases at the

activation and they immediately start to pollute the grid at the deactivation.

10.000k

soooe Al

0

-5.000k il
-10.000k

80.0m 100.0m 120.0m 140.0m 160.0m 180.0m 200.0m
10.000k

5.000k

=
=

oA

-5.000k
-10.000k
80.0m 100.0m 120.0m 140.0m 160.0m 180.0m 200.0m
10.000k
5.000k M,
0 .
-5.000k i
-10.000k
80.0m 100.0m 120.0m 140.0m 160.0m 180.0m 200.0m
10.000k
5.000k M,
0 Wia
-5.000k i
-10.000k
80.0m 100.0m 120.0m 140.0m 160.0m 180.0m 200.0m

Figure 5.15 Activation anddeactivation of the advanced passive damping methods
in the presence of resonance

The grid side currenfHD value is an important element to see the effectiveness of
the filter. Advanced passive damping methods aim to reduce the passive damping
losses redted with the damping resistor; howevEHD performances should also be
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compared and contrastdd.order to evaluate the steasiate performancesjgure
5.16 is demonstrated. At various load conditiombiD values are captured from the

simulation software.

THD values of all advanced damping methods are superior to simple passive
damping except Tyg 2. At the rated load (i.e. f.u. load), all damping methods
except Type 2 haveéHD values less than 5%.
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Figure 5.16 THD performances of passive damping methods

5.3.  Power Loss and EfficiencyAnalysesof Passive Damping Methods

Advanced passive damping methods provide better efficiency for the overall system.
Unlike simple passive damping, the insertion of reactive components into the filter
allows new current paths for the harmonics at the switching frequency and the
fundamentalcurrent component. In the following analysis, IGBT losses due to
conduction and switching and the resistive filter losses are considered. The ESRs of
the reactive components are neglected. Advanced and simple passive damping

methods are simulated with &8N 2L PWM-VSI. The power losses are calculated
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for various load percentages and shomnFigure 5.17. The efficiency of each
metod is also shown ifrigure 5.18. Type 3 and Type 4 are the most effective

solutions while Type 1 and Type 2 are not worth to apply.
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Figure 5.17 Power Losses of passive damping methods for various load percentages
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Figure 5.18 Efficiencies of passively damped systems for various load percentages
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5.4. Simulation Results ofSMCD Methods

The effectiveness of the analyses is supported by the simulation results via ANSOFT
software. 3 MW VSiIs with TESAF and DGSAF compensation are invegied.

The switches of the main inverter are selected as 1700V IGBTs with the current
through a leg is sired by two devices. The steastate waveforms of the proposed
systems are demonstrated to verify the operation of SAF compensated systems. The
load dynamic responses are considered for the selection of suitable controller
parameters. The activation of SAF compensated systems when the system is
undamped shows the necessary time for the system to stabilize. Efficiency and THD

analyses show the advantage the proposed methods over PD.

The simulation models for the proposed SMCD methods are showigune 5.19
andFigure5.20.
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Figure 5.19 One phase of TSAF simulation model
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Figure 5.20 DC-SAF simulation model

The parameteref the simulated SAF compensated systems arengn Table5.2.

The main inverter has the same parameters with the passively damped case. The

voltage and current rais of the semiconductors utilized in the simulation are

selected according to the table. The current through the filter capacitor is known

from the simulation results of previous sectidhe current in the auxiliary circuit is

reduced using the SIT witha turns ratio of 5 in TESAF while the current through

the filter capacitor is directly processed in {38 F.
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Table 5.2 Simulation parameters for FSAF and DCSAF compensate8 MW

PWM-VSI
Symbol Quantity Value
Prated Rated power 3 MW
fsw Switching frequency 1.2 kHz
o fsamp Sampling frequency 2.4 kHz
E» Vdc DC-link voltage 1070V
c Vy Grid voltage 690 V
.% fq Grid frequency S50 Hz
S Lg Grid side inductance 80 OH
Lc Converter side inductan 80 OH
C Filter capacitance 1000 OF
TC-SAF DC-SAF
Vauxdc DC-bus voltage 600 V 200V
> § fswaux Switching frequency 10 kHz 10 kHz
o § fsampaux Sampling frequency 20 kHz 20 kHz
= S N SIT turns ratio 5 -
<O Laux SRF inductance 5 OF 200H
Caux SRF capacitance 1000 -
Raux SRF resistance 10 Y -

5.4.1. Stability Analysis of SMCD Methods

In Figure5.21, TC-SAF compensated system is enabled at t=100ms when the system
operate with no damping. Then, the-BBF starts to operate as damping resistors.
After that, the TCSAF is disabled at t=16nto demonstrate that the oscillations
start again at the resonant frequency. The response-&AFCcompensated system

at the activation is very rapid due to an active algorithm applied on auxiliary VSiIs.
When the TESAF compensated system is disabled dscillations immediately

start and the magnitude of the oscillations grow as time passes.
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Figure 5.21 Activation of TGSAF Based System from undamped condition

In Figure 5.22, DC-SAF compensated system is enabled at t=100ms when the
system operate with no damping. Then, the ®AF is disabled at t=160ms showing
that the oscillations start again at the resonant frequency. Owing to an active
algorithm applied on auxiliary VSIs, the response of8&F compensated system
at the activation is very fast. The oscillations immediately start again when the DC

SAF compensated systes disabled.
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Figure 5.22 Activation of DGSAF Based System from undamped condition
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Figure 5.23 shows the simulated waveforms obtairfedm TC-SAF system. The
steadystate waveforms of the converter side current, grid side current and filter
capacitor current are shown during two funéamal period of time. Additionally,

the voltage at the primary and secondary sides of the SIT, and the current at the

secondary side ohe SIT are shown iRigure5.24.
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Figure 5.23TC-SAF compensated system steatigte waveforms

The auxiliary converter output current and voltage betbee SRF are shown in
Figure5.25. The SRF attenuates the high frequency switching ripples at 10 kHz and

its multiples.
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