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Summary

Power electronic converters can conwadctricity from AC to DC form owice versa
in order to supplydifferent types of loasl Among various developed converter
topologies, threghase pulsevidth moduated (PWM) cowmerters, builtwith fully
controllable semiconductor devices, have been increasadygptel by many power
electronic applications. Examples includegrid-connected inverters fodelivering
renewable energies intthe utility grids, uninterruptible power supplies (UPS) for
supportingemergency loadduring mains outagegctive power filters (APF) for power
guality enhancemerih distributed generation (DG) systenmsnd active rectifiers for

harmornc-free AC/ DC power conversion.

Developmeniof proper contrbschems for threephase PWM convertegis crucial to
achieve intended functions suchhagh conversiorefficiency, lowharmonic distortion
and accuratecontrol of real and reactivgpower flows. Undeniably many control
schemes have since been proposéld specific advantages. Although less explicitly
stated, all schememay have disadvantages too, which is the main reason why
research for an even better solution is stillgming. Contributing to that efforta
repetitive current control scheme is fimtesented in #hthess for threephase PWM
inverterinterfaced to thec mainsThe proposed controlles designed usingomplex
vector (CV) theory and can inherently filter off ac grid background harmonics

preventing thenfrom distorting the gricturrents.

Based on tb developed CVrepetitive control algorithm, adouble loop control
structure is subsequenttyesentedor athreephase power convertevith LC output
filter. As its output voltagesanbe regulateddirectly, the controlled power cormter
can provide undisturbed voltages to emergency loads isecaf ac main®utage.

Because of thatit is classifed underUPS with its outer voltage loopapable of




rejecing load harmonics and inner current lo@ble to guarantee fast dynamic
responseThe resuiing UPS system cathereforefunction well in both steady and

transient stat® for unbalanced and nonlinear loads.

Traditionally a gridinverteris connected to the utilitgrid through a single inductor.
This inductive filter may become veryulky and costly in high power conversion
systens as to attenuate switching harmonid® reduce its overall inductance and
hence sizean inductorcapacitofsinductor (LCL) filter isrecommendd for smoothing
the output current ad switchingpower conveter. Although effective, an LCL filter is
a higher thirdorder filter that has its own stability and design concerns to address.
Some of these challenges arwestigated here, mainly ofs inherent resonance
damping characteristic aride development ad generalizedlesign methodologyt is
shown that in the ideal casproper dampingof LCL resonancecan beachieved
naturally without incorporating additional damping control techniquieshe ideal
design criterion is not fulfilled, a simple compensatimethod igprovided br tuning

the damping factaio meetoverallsystem stability.

Besides supplying power tie utility grid and loads,a threephase PWM converter
can also be used forpower quality enhancement distributed generationDG)
systemsespecially inweak power systems where the ac grid voltagesnot stiff.To
reduce system costs and improve its harmonic compenstitity, an LCL-filter is
again used for construcing a shunt APF systemRelevantsystem implementation
detaib are povided in the thesisalong with its gereralized design approach and
associated control algorithniBhe developed shunt APF systeovers awide rangeof

harmonic frequenciesandhassome merit®verconventionaAPF systens.

Instead ofaddng active fiter and / or other types pbwer conditiorrs,power quality
improvementcan be achieved by developing more advanced control schemas for
active rectifierperforming AC / DC power conversiorfor a majority of dc power

supplies The resulting rectifiertsdl provides the requested dc powbut injects less

Vi



low-orderharmonic currentso the ac grid Since harmonics are explicitly dealt with,
the proposed rectifier uses tbrecycle control[OCC) scheme, which i&nown to be
a nonlinear method with fast dynamic responsefor tracking purposes The
investigaton also corcentrate on nortideal operating conditionsuch asunbalanced
and / or distorted input voltages An improved OCC scheme is mposed for

suppresing these nonidealities while keeping the pysicalcontrollersimple.

All design methodologies armbntrol algorithmsproposed throughout the course of
developmenhave beerthoroughly verified in simulation using MATLAB Simulink
and PLECS. Suitably scaleeixperimental prototypetave also beerbpuilt in the

laboraory for validating the practicalities of aleoretical findings.
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Chapterl Introduction

Chapter 1 Introduction

1.1 Background and Motivation

Led bytherapid development of technology worldwide, power electronasbecome
an attractive researchareafor investigation with various converter topologies and
semiconductor devicegavenied for modernapplications.The basic functionality o
power converteris to convert electrical energy from one form to anothén
illustrativeexampleof energy conversioms an AC / DC converter or rectifierwhich
cancommonlybe found in consumer electronmroducts such as television sets and
personal computerso provide an appropriate dc power suppBowerlevels can
range from severalwatts to hundresl of megavatts. Recentexample arelinked to the
fast development of renewable energy and the growhgption of decentralized
sources for distributed generatjomherethe power convertersn the range of tens of
megawatts aré high demand fosafeinterfadng to thegrid and highefficiency is a

basic requirement for &é8e converters

Besides developmemif renewable sourcesnany power systemoads in residentla
and industrial facilitiedhavesome degreef nonlineaity. These nonlinear loads may
produce or absorbarmonicsto or from the grid where thedegraded power quality
might affect distant sensitive loatltecause of the vastness of the gilile dfected
equipment would likely be thodeund inhospitas, defense iad critical semiconductor
industiies whose shutdown would be lengthy even if not detrimerftalminimize
shutdownsand their accompanied economical Essa number of related standards
(IEEE-1547 in the USA and IEC61727 in Eurdpg®velong beenin forceto govern

the amount of harmorschat can be injectadto utility grids.

For critical missionsjt is also common forcustompower conditioners likeactive
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power filteis (APF) and uninterruptible power supiels (UPS to be installed at the
customer endor a fail-safe solutionwhich may lead t@omparativelyhigh cost. A
more attractive alternatives to embedpower conditioningwithin renewable grid
converters, which argradualy becoming basic necessitibecause of environmental
concernsand growingdemands for energguch addgtional functionality might help to
encouragdasteradoption of renewable energwhich now hasven moreattractve

advantages

With such impressive and practical developmentss, @bviousthat power electronics
hasmanyimportant rols to play in the modern world. These roles, whether as power
guality enhancers, renewable energy conditioners or industrial drivers, are made
possiblethroughappropriate contralechniquesDevelopment of control techniqués
thusan importat pillar supporting research power electronicsvith manyinventions

over the yearsAmong the common objectivdar controllerdesign one of them is the
precise control oturrent, which representg/stempower for a strong networkvith

firm voltage It can be achieved ithe stationary or synchronous frame withe latter
further divided intothe fundamental and harmonic synchronous frames. Examples in
the stationary reference frame indtithe deadbeat contol [1], [2], hysteresis control

[3], [4], and proportionalresonant (R) control [5]-[7], and examples in the
fundamental rierence frame include linegroportionalintegral @I) control [8]-[10]

and sliding mode contr¢l1], [12].

Eachcontrol method has itswn unigue featuresSomecommonly cited referense
can be found in[13], [14], where hysteresis controller istaed to havebetter
performance thamthersin both stationary and synchnous frame. However,the
hysteresis control is known to suffer from unwanted interaction between phases
has a vaiable switching frequency. Foa fixed switching frequengya linear PI
controller in the stationary framas the simplestto implement,but usually has
accompaniecamplitude and phaseacking errors.The only way to overcome this

drawback is to transform the controlled variablesitoquantities irthe synchronous
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reference framéefore applyind?l control.

Although effective, compensatn of harmonics using theynchronousP! scheme is
still extremely complexwith multiple harmonic reference framesnvolved These
complexitiestranslate tchigher computational burden, whichay lead to degradation

in bothsteadystate and transient resms®s. Otherexisting control schemealso have
their own shortcomings which so far have not beepromptly addressed.
Improvemers are thereforgossible even though current control of power converters

IS quite a mature area.

While designing the controlie it is important to consider the filter types at the
converter input and output ports since they affect the overall system dynB&inilst
efforts have mostly focused on a simple inductivefilter for current control, which
might not be too relevantbecause of the growing interest in the
inductorcapacitorinductor (LCL) filter Being a higher thirgbrder filter, the LCL
arrangemenprovides much better harmonic attenuatjomhile using smallepassive
elementsilt is thusmore suiaiblefor higher power conversion systemand ha already
been widelyused inwind farms of ovehundredsof kilowatts[15]-[17]. Unfortunately,
an LCL-filter can trigger stability problems usuallyked to higheworder systemsThe
underlying reason is related tesonanceWhen it happensit causeshe system to

appear agero or very lonmpedance.

This stability concern is further complicated by the availability of pessiblecurrent
feedbackvariables Unlike the L filter whosecurrent is the only variable for sengjn
current feedback with.CL-filter is more flexible with three options for selection,
namelygrid currentsensing converter currensensingor computingtheir weighted
sum froma re-organizedLCCL arrangementstudied in[18]. In [19], grid current
feedbacks recommendegdafterit was showrthrough rooocusanalysis ¢ beslightly

more sthle than converter currerfeedback.An optimized design algorithmfor

LCL-filter was proposed if20], based on whicka system can be stdlzed at certain
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switching frequenciesvenwithout dampingHowever, he results in thee references
showlow-order harmonidaistortions in the& line currentsEven more confusing is the
findings byotherresearchex who had verified thagxcellent steadgtate andransient
performances can be obtainbg converter currenfeedbackwith some degreeof
dampingintrodued[15]. The question aboutvhich type of current feedback control is

truly more stables therefore left unanswered

With these challenges to explore and thewgng importance of power electronithe
theme ofthis thesis isfirmly set onthe design of advancedontrol schemes for
commonly usedhreephasevoltagesource converter@/SCs) The same theories can
equally be applied to curresburce converter<CSCs) based on duality between the
two classes of converter§or more stringent applications, LCL filter explicitly
considered withits accompaniedontrol schemes designed accordingly. Issues like
feedback variable selection, stabilifamping harmaic compensatigndisturbance
rejection and control simplification for industry relevanege promptly discussed,
while designingthe new control schemes and generalized design methodolddies.

relevant contributions to knowledge araw elaborateds fdlows.

1.2 Major Contributions of the Thesis

A number oforiginal contributions which have beenachievedthroughout the course

of researchare explained as follows:
1.2.1 Design of ComplexVector Repetitive Current Control Schemas

A complexvector repetitive contyl scheme habeenproposed for grid converters to
achieve high current tracking precision and good disturbance rejettt@nare
comparatively better than existing schem@$ie proposed corol scheme wa
originally based on a mixed combinationst&ticnary and synchronous fragyewhich
could still be complex depending on th@ocessor or microcontroller chosen for

implementation For an evensimpler implementation mathematicaderivation was
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performed to arrive at an alternative that cdully be implemented in the stationary
frame, and henceavoiding the computationally intensivdrame transformation.
Whether in the mixed or full stationary framtéhe propose control schemeis
generally less demanding in hardware requirements gimequires simg arithmetic

and onlya small amount of memory for storing delayed control variables
1.2.2 Designof Repetitive Control Schemes for UP3\pplications

Based on the proposed compheector repetitive control and other existing methods, a
number of repetitive corat schemes have been proposed for Uilications
covering both single and douHop layouts Although the bullkof this thesis isbout
current control, repetitive voltage control should not be skipped because of its
originality and relevance to the ¢ power supply industry. Againheé main control
building blocksassemi#d are memory and simple transfer functions formulated with
either no or one control zero for catite the plant poleThe presentedchemes have
high compensating gains gt thasetypical harmonic frequencies, aratetherefore
more robust and less re@tive to implementation noiseApplying them to UPS
application then results inan output voltagethat is less affected byoad types

(nonlinearand/ or unbalancefand load dynaruos.
1.2.3 Investigation of Inherent Damping Characteristics of LCL -Filter s

A generalizeddesign methodology ér an LCL-filter in grid-tied inverter has been
proposed The knowledge disuvered is that there is an inherent damping term
embedeéd in the feedback & whenconverter current is used for contr@uch
internal damping can blerought out foruseby selecting theyrid- and converteside
inductorsappropriately. Upon doing saesonance are dampedaturally by feedng
back theconverterside currentwithout requirement foran external state observer
active and passivdanping. When exposed to tough design conditiom® tlamping
informaion contained in the convertside currentcan also be extracted via a

secondorder notch filterbeforeusingit for furthertuning purposes.
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1.2.4 Design ofLCL -Filter-Based Shunt Active Power Filter Systens

The design methodologyescribed in Section 1.2l&sbeenextended to shunt active
power filteis (SAPF) with anLCL-filter added athe output The resulting SAPF has
improved switching harmonic suppressi@md a lower total inductanc&he latter is
especially important for SARWhose currentust have high slew rate for tracking the
desired harmonic reference. Requirements for SAPF are thus more demanding with a
nunber of them nowclarified in the thesisThese requirements are closely related to
the selection of LCLfilter parameterscontrol bandwidth designfilter dampingand

simplified implementation
1.2.5 Improved Regulation of One-Cycle Controlled Active Rectifiers

Until now, only linear control is considereéor even better dynamics, nonlinear
control is deemed as more appropriate. No doubt different types of nonlinear control
are available, buh this thesis, only oneycle control (OCC) is considered becauge o

its simplicity and hence ease of realization in practice. @©@etheless has some
performance limitationghat arenot yet identified and solved. Thesballengs are
discussed in the thesis widm improved OCGchemeeventually proposetbr power
conwerter control. Its performance has been verified with a thheese active rectifier,
whose requirements are more demanding on OCC especidliyhapower réing and

low switching frequency.

The proposed systehas been shown to soleeerrorder sidebanttarmonic problems
faced by the traditional OCGchemevia a doubleedge integration strategy.
Introdudng the LCL-filter has also helped to bring down costs, while vyet
compromising system stability because of two desigladpingtechniquesadded for
nullifying the LCL resonanceComparativestudies have been perfoethto showthat
the improved OCC scheme has bettenversion efficiency antbwer total harmonic
distortion (THD). Consideration is extended to na®al ac inputfor threephase

active rectifier, which mayhappen inveak ac powesystems. Mathematical analysis
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has demonstrated howarmonics athe input and output sided the rectifier can be
computedand then reducedsinga simple compensatisstheme added on to the main
OCC core Analogimplementation of theverall OCC scheme has also been discussed

to show thasimplicity of the original OCC scheme preserved

1.3 Organization of the Thesis

The thesiscompiisesnine chapters organized as follows:

Chapter 1 introduces the background and ivatbn of this work as well as

summarimg all original contributions documentedtine thesis.

Chapter 2 reviewxisting control techniquedor threephase PWM converters. It
discusse the essential relationskipmongPl, PR and repetitive control sstmes and
elaborateon the basisof OCC. Recentrelateddevelopmert are alsaliscussedvith
their benefits and limitationsidentified. The knowledge gained helpn the
understanding of new control schemes and generalized design procprhpesed

from Chapter 3 onwards.

Chapter 3introducesthe concept of complexector Pl controlfrom which the
complexvector repetitivecurrent control schemes proposedand illustrated on a
grid-tied inverter. Mathematicalanalysis ispresentedor two equivalent vaants in
either themixed synchronousstationary offully stationary frameBoth share the same

theoreticatransfer function, but differ in hardware complexity.

Chapter 4extends the analysisom Chapter 3with a doubleloop control structure
presented dr voltage control of gower converter withan output LC filter The
presentd scheme iscompared withexisting alternatives to clearly identify their

respective steadstateanddynamiccharacteristics.
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Chapter5 consides LCL-filter when added to theoutput of a power converter.
Mathematical model ofthe filter is establishedbefore using it to identify inherent
damping characterissc Two current control schemes atlBen presentedwith

resonance damping considered.

Chapter 6extends LCLfiltering consideration toshunt active power filters (SAPF)
with a discussion of the design, contierhd implementation issueé generalked
design procedures subsequentlypresentd andtested withan analytical design

example

Chapter 7addsan LCL-filter to an OCGC-controlled activerectifier before proposing
doubleedge intgration scheme for solving everorder harmonic problems.
Comparative studies show that lower THD and higher csierefficiency can be

achieved byhe proposed system.

Chapter 8improveson Chapter 7with the performance of active rectifiegxamined
under norideal operating conditionsMathematical proof identifieshe dominant
systemharmonics caused by distortadinput voltagesfrom which a improvedOCC

scheme is m@sened or minimizing their influencesvithout addinghardware.

Chapter 9conclude researchfindings presentedin the thesisand suggestsome

prospective researdhpics for futureinvestigation
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Chapter 2 Existing Control Techniques for Three-Phase

PWM Converters

2.1 Introduction

With rapid growth ofenergydemand and increasing concexhout environmental
sustainability renewable energgources like photovoltaic (PV), hydro, biomassnd
wind powerare gaining momentum in placef traditional fossil fued. Threephase
PWM converers areused to transfer thegenerated powepo the utility grid orloads.
To realize tis grid-tying function, power convertersiust operatewith closedloop
control so as to follow certain commandedeferencs. Design of proper control
schemes is therefe crucialand hasin fact been a relevant topic for many power

electronic applications in addition to griakerfacing.

Various control schemesor threephase PWM converterlsave been proposedith
each claiming some forms of improvemenhis chapterbriefly reviewsfundamental
controlknowledge andntroduceghe control schemes that are popudardrelevantto
the researchcontributions & this thesis. The essential relationship among
proportionalintegral @), proportionalresonant (PR) and repetive control are
introduced The basisof onecycle control (OCCandits recent developmestare also
elaborated Material presented in this chaptertigrefore not exhaustivéut would

definitely hels with understandingf concepts proposed in subsequehapters.

2.2 Basic Conceptsabout Power Converter Control

In this section, @me basic conceptelated topower converter control amiscussed
before reviewing existing control schemes forthreephase PWM converters

Understanding ofhese basic concepthelps greatly with control design targeted at
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power conversion system
2.2.1 Control Objectives

Fig. 2-1 shows thebasic control block diagram applicable t@ threephase PWM
converter. The control objective is to force theconvertercurrent to follow some
predefinedreference, which igitherobtained froman outervoltage loopor computed

from a demanded poweiThe instantaneous converter current is measuaed
subtracted from its reference befdher erroris forwarcedto adesigned contrédr to

achieve the control objectiv&he controller produces thequired gating signalsither
implicitly or explicitly using an external modulator. The gating signals are then
channeled to the gates of tissvitching devces for driving the convertefThe
generated converter current should be able to track its reference as close, and as
quickly as possibleand thiss usuallyregarded as one of the most importeniteriato

judge the performance of designed current controll@&ssides thispoint, the
controller should also be able to suppress system inrush current in the startup of power
conversion, which istypically causedby charging of bulky dc side electrolytic
capacitorsMoreover, smefigr een mode 0 need te eamplswithvgryl | e s
critical efficiency requiremestunder light load conditions, and in this case, burst
mode operation has to be considered in the obetrdesign to save power losses and

to satisfy such requirement. The latter tfaotorsare beyond the scope of this thesis

and will not be discussed here.

ac line L power converter
a I \:\ - .
‘ ), » — ‘
Vg f .
N .—b. J . > o _‘ ' } Ve »—‘
‘ (“ —_ o~~~
{ ) P |
K> [RRANAI
v urrent
Lref 47) S " | Gate Driver
re V) G
Yy o control | v

Fig. 2-1. General control block diagram of a thyglease PWM converter
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As mentioned abovethe convertelis operatingbased on switching actionand its
immediate outpuis pulsating, and hence not possible to produce a smooth continuous
current Even upon filteredthe convertercurrentwould still contain harmonics or
ripples whose amount ifrequentlyreflected by singlderm performance indicators.
One commonly usedndicator is thetotal harmonic distortion (THD) whose

expression is written as:

i2 +i2 _"_2 -+ i2
\/ @ e Yo B 2.1)

THD,, = |

@

where subscriph denote the order of each harmonic current
2.2.2 Switching Frequency

Switching frequency represents the rate at which semiconducswitches are
commutated within the converter. A higher switching frequdeays to lower current
ripple, but increases the overall system losses. A compromise therefore exists, and
would usually depend on the system power rating. Rayher power systens
considered in this work, switching frequency in the range tof 10 kHzis appropriate

and is therefore chosen for design and experimentation.

It shouldfurther be noted thathe switching frequencys not necessarilgonstant and

it can bevaried ether intentionallyto get a spread spectrum or unintentionallye to

the control schemeAn example for the latter is hysteresis current control, whose
switching frequency depends heavily on system paramatersnight thereforeause
electromagnetic congpibility (EMC) problems[13]. Filter designfor hysteretically
controlled convertemight also be difficult even though its dynamic response is fast

and implementation is simple.

2.2.3 Limits of DC-Link Voltage

Voltage output of a PWM converter is obtained hyitshing each phase to two

discrete ddink voltagelevels. Multilevel convertersaare not considered in this thesis

11
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but if necessary, the developed control schemes can also be extertiedtwith
simple manipulation ofheir PWM schemesRegardless ofte number of levels, the
dclink voltage must be higher than the line voltage amplitude of the grid or back
electromotive force (bacEMF) in order for the converter to have full control over its
output. This meansmodulation indexn defined as in(2.2) should alwaysbe limited to

lessthan or equal to 1.15 assuming that triplen offeeige been add for modulation.

m=2v /V, .15 (2.2)

where Va represents the pediundamental voltage of phasgandVy. representshe

dc-link voltage.

Indexm can of course rise above 1.15 to produce a larger fundamental voltage, but its
modulation would no longer be linearith sizable amount of loverder harmonics
produced This scenario is referred to as oweodulation, and should gerally be
avoided for controdesignbecause of prominent harmonic influenc@n the other
extremem should not be too low since switching harmonics increasethatilecrease

of m [26]-[29]. A compromiseis roughly recommendeds between0.8 and 0.9 for

nominal loadconditions
2.2.4 Effect of Phase Interference

If the neutral pointN of the threephase ac @urcein Fig. 2-1 is connected to the
midpoint M of the power converte, a threephase fouwire systemis formed. Each
phase of the converter wouldhen be fully independent, allowing zesequence
currentto flow and return through theeutral line Onthe contrarysuchindependene

does not exist for threghase threavire systemwithout the neutral connection.
Currentflow in a threewire systemis determinedby the states of all phase legs, and
not solely by thestate of the corresponding phase Mfen that happenghe relevant
current controller is said texperiene phase interferaxe or dependency, which can
have damaging effects like those high frequency limit cycles experienced by hysteresis

control[21], [23].
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Phase dependency mot alwaysdetrimental, ad in fact has an important advantage
linked to the addition of triplen offsets duringmodulationto lengthen the linear
modulation range by 15%980]-[32]. More explanations on it can be found[#3]-[35]

and [36]-[39], where space vector and discontinuous modulations are respectively
introduced.The common principle shared by theseduoiation schemes is that their
addedtriplen offsets appear only in tingohaseleg voltagesandnot ther fundamental
output currents becausd the absence of a zesequence pathrher output current
ripples would however be different because of vari@ons introduced to the

commutatiorstatesequence
2.2.5 Reference Frame Transformations

As mentioned in Chapter 1, for a balanced tiplkase threevire power system, the
control variables are normallyansformed fromabc frame todq frame so that they
bemme DC quantitiesSimplified calculations can then be carried out on these
imaginary DC quantities before performing the inverse transttomto recover the

real threephase AC resultdn many literatures, kh transformations serdeas the
fundamentalknowledge to design various controllers, either in the synchronous
reference frame or stationary frame, for achieving accurate power flow ¢c@astroéll

as complicated system harmonic compensation. Because of its importance, the
mechanism of the assated frame transformatiomwill also be introducedin this

section for ease of understanding the contents presented in the following chapters.

Usually, he transformation frombcframe todq frame is performedh two steps, first
from abcto U Bto create an orthogonal system, and then ftdfto dgto make the
systemto betime invariant The principles of these two transformations aepicted
by Fig. 2-2(a) andFig. 2-2(b), respectively. Ty can also be mathematically written as
(2.3) and @.4), respectively.
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(b)
Fig. 2-2. Reference frame transformations fromghyto U firame and (b)J fio dq
frame.
e 1 1
¢S, o 221'5 2 4 (2.3)
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€S, gécosg singes,

b TE _. (2.4)
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whereS is the transformed signal that can be either the converter voltage or current,
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andd is the angle difference betwednq and U freference frames, and the coefficient
\E on the righthand side of (2.3)is to keep power balanced during frame

transformations.

In order to reconstrudhe reference signalghat arerequiredfor PWM generation
inverseframe transformations can be simply obtained by taking the transpose of the

matrices shown in the aboeguations.

2.3 Linear Controllers

A linear controllernormaly consiss of a current regulator for trackinigs reference
and a modulator for generatingating signad. The latter can be anyexisting
carrierbased or space vectomodulatorwith a constant switchmg frequencyand a
well-defined spectrum Modulating signal to the modulator comes from the current
regulator, which presently has many optiofhkis chapter concentrates only on those

related to the thesis.

2.3.1 PI Controllers

Stationary frame PI aatrollers, also known as ramp comparison contrallarse three
independentcompensators to produce the requineddulating commands.Each
compensator has @oportional andan integral gainto setthe control bandwidthand
steadystate tracking errorsrespectively.The latter should preferably be zero, but
cannot beachieved because of the finite integral term at-reno frequenciesA
simple remedys obviouslyto use largegainsto push down the errgrbut doing so
movesthe systencloserto its stability limit and hence should be avoiddgdther
recommendationiclude the use ofan additionalphaselocked loop (PLL)[40] and
voltage feeeforward correctiorj41], [42], whoseeffects are not as good as performing

PI control in the synchronous frame.
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Fig. 2-3. Synchronous reference frame PI control vdthcrosscoupling term
decoupéd

Unlike the stationary framethe synchronous frame rotates at the same angular
frequency as the control variahlé®nce making themppear like dc quantitie'amed

asd andq components Pl cantrol is then suitable since its infinite egral term at dc
would easily force thesteadystated and g errors to zeroUnfortunately, due to the
presence osysteminductancel, crosscoupling betweerd and g componentsexist,
whose impacis a longer transient durationo decouplethese componentthe scheme
shown inFig. 2-3 can beimplemened, wheretwo diagonalL dependent blocks are
added. Presence of these blocks however causes the controller to be dependent

system parameters, whose values may vary widg)y6].

Adding decoupling blocksas shown inFig. 2-3 may also be viewed as movirttpe
two complex conjugate poles of the system to the real ,ags that they can be
canceled out bythe PI cantroller. Insteadof fi f o r wnaoving) dhe plant poles,
A i n v eshifing @f the Pl zeros canequally be performed to arrive at the
complexvector (CV)PI controller[43], [44], whose effect is the same as that shown in

Fig. 2-3 since they share the satmeoetical basis.
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2.3.2 PR Controllers

Avoiding frame transformatignPR controllerin the stationary frame is an attractive
alterndive introducedin [5] for ac current regulationAs shown inFig. 2-4, this
concept is simpleand simply involve placing an infinite resonant peak at the
frequency of regulation. The infinite gaineth forces the steaebtate error to zero at

the frequency of interestThis concept does sound like the inverse of synchronous
frame Pl since it places resonant peak of controller at signal frequency, while
synchronous PI does the reverse of placing sifyjagliency at the resonant or integral
peak. Such inverse equivalence has already been pro\Jéih mwhere mathematical
procedure has shownow the PR controller can be derived from the synchronous

frame PI controller. Becaus# this relatiorship, the resonant part of the PR controller

1 = N
,'/’ \\\\
e/ 2K s wt o U
—d—» 3 7 e I e
$"+o, +—

stationary reference frame
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Magnitude (dB)
o

Phase (deg)
&

™~

_l)(] L 1 i
o 10 10!

107 103 10
Frequency (Hz)

(b)
Fig. 2-4. (a) The essence of a PR controller and (b) its frequency ddBaaia plot.
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can be regarded as angeneralized integratd45], whose response is different from
the controller proposed i6]. The controller m [46], [47] is in fact more unstable
since it createa 90°phase Ig at the frequency of interest even though it has the same

denominatoin its transfer function

Another merit ofthe PR controller is & ability to simultaneously compensater
positive and negative segnce components in an unbalanced Hpteese systenlo

realize the same functiorusing Pl controller the control variables mudirst be

2K ..s

i3*

stationary reference frame

(@)

2K s
15 +(60,)

2K, ;s
* s*+(12,)

.\ /
\ 2K, .

s +(6ho,)’

synchronous reference frame

(b)
Fig. 2-5. Resonant banks for SHC implemented in the (a) stationary reference
and (b) synchronous reference frame.
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transformedo the positive and negative sequefraenesbeforebeingprocessedby Pl
compensatori the individual frames. Such multirame transformatioms definitely

more complicated.

Because of its simplicity, more functions can be added to the PR contwdiiée not
stressing the digital processor or microcontroller used to impleme@iné. popular
attempt isto connect multiple resonant terms in parallel to realize selective harmonic
compensatior(SHC) [48]. A diagram showindgSHC is given inFig. 2-5(a) with its

transfer function writtemas

. 2K. s
Guy = A h (2.5)

h=3,5.7... s+ (hW0)2

In (25), h representshe odd harmonicorderonly since even harmonics are usually
absent ina typical power systemEach value ot is also written to have its own
resonant gaiki,, which can independentlyetunedto producedifferent compensation
performance The controller thus obtained will not affect the dynamics of the
fundamental PR controller dong as the highest harmorfrequency considerefalls
within the systemcontrol bandwidth This certainly is the case since each resonant

peak is limited to oyl a very narrow frequency range

In addition to its stationary frameariants PR controller can be implemented time
synchronousframe to achievecompensation of multiple harmomsicwith reduced
computational efforts. A good example for illustration isot considerthe fifth
negativesequenceand seventh positivesequenceharmonis typically found in a
threephase threevire systemThese harmonics, when transformed to the fundamental
synchronous frame, appear sigth positive and negativeequenceharmorics. That
means aingle resonant controlléaned athe sixth harmonidrequencyand placed in

the fundamental synchronous fraro@n compenste for the fifth negativesequence
and seventh positiveequencdarmonics in the stationary frant@therharmoncs like

the eleventmegativesequencand thirteentlpositive sequencén the stationary frame
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can similarly be compensated by twelith resonant term in the fundamental
synchronous frameThat then leads to the followingHC expression in the

fundamentasynchronous frame for compensating even monet(§ harmonics.

. 2K,s
G = A "

<+ (6hw )2 2.6
h123..S  +(6huy)? (2.6)

A block diagram illustration of (B) is shown inFig. 2-5(b), which when implemented
for threephase thresvire systers, resuls in all typical harmonics beingpmpensaid
Surely, (25) can be useth place butits computational requirement is two times more
since a resonant term is needed for each harmfbeguency Equation (X) is
therefore preferred for thrgghase threavire systemsf non-characteristic harmonics

are absent

So far, the resonant terms considered have not taken into consideration the decoupling
blocks drawn inFig. 2-3. This is generally findor standard 50 or 60 Hgince their
influences are quite small dahose frequenciesFor systemswith higher order
harmonis to compensater in 400-Hz aircraft power systems, eétdecoupling term

canno longer be ignoredaking them into consideration, the CV concept is discussed

in [48] for modifying the resonant controlleafter studyingthe plant model. The
modified resonant controller cattmenneatlycancel out the complex poles of the plant

at the choserharmonic fequencies. Expected outcome would be an imgment in

the closedloop responsgas verified by{48]. Also verified in[48] is the ability of the

CV resonant controller in compensating for thighest37" harmonis, while the

conventional PRantroller can onlicompensatéor the 19" harmonic.
2.3.3 Repetitive Controllers

As discussed in the above secti®HC can be accomplished by casmadmultiple
resonant controller® parallel No doubt, they can function well under most situations,

but as tle compensation criteria become more stringent like more high frequency
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components needeto be attenuated, performanoé the basic transfer functions

degrads gradually while their computational burden incressteadily.

Instead of using direct resariaterms, an indirect simplified approach for realizing
SHCis to use the repetitive control theory, which is developed from the internal model
principle [49]. Conventional repetitive control with only a single positive fee&bac
delay has already been discussed [50]-[53], whoseaim is to compensatdor all
harmonics found in a UPSubject only to practical implementation constrains. The
same repetitive contrachemehas subsequently been applied to other common power
electronics applications, like APF and DC / DC boastverter, as described [54],

[55]. Other derelopments can be found jB6] and[57]. In [56], a modified adaptive
control schemdas beenproposedor achieving better steagstate performance when
subject to external disturbances ardnp uncertaintiesConplementing,[57] merges

repetitiveand deadbeatontroltheories taarrive ata faster transient response.

In spite of their differences, those described repetitive schbenethe same positive

-sTd
feedback E:| feed-forward
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v v v
— )L

(@)
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e(?) ¥ v (1)
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(b)
Fig. 2-6. Hybrid repetitive control with (a) positive and (t@gative feedback and
feedforward paths.
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feedback of signal, which may be unfavorable at times becausgheofiikely
amplification of noise. To minimize this likellod, negative feedback repetitive
control scheme isecommended asnaalternative[58], [59]. Instead of introducing
high gains at all harmonics, negative feezkbscheme produces high gaody at odd
harmonis, whichin principle are enough for compensating typical load harmoNizs
amplifying of noise at even harmoniés possible since the contled gainsthereare
all zero. Implementation wis@egative feedback scheme may have a slight aadgan
since its delay time is half of the positive feedback scheme, whigtacticetranslates
to a smaller meory requirement for storindelayed data if the same signal resolution

is enforced for both schemes.

Other than negative feedback, improvemdikis adding a sinlg feedforward delay
path[60] or phase lead compensati@i] to the original feedback structure have been
proposed with their common objective being to enhance overall trackicgracy and
stability. More specifically,[60] introducestwo alternative repetitive control schemes
with their control block diagrams shown kig. 2-6. This figureclearly shows thathe
control stlemes can be viewed as the cascaded connectiondelayed feedback path
and a delayed feelrward path that represent the classical repetitive and Posicast
control [65]-[67], respectivelyMathenatical analysis if[55], [60], [62] has already
shown tleir close linkage to the resonant controllewith their transfer functios

derived as (Z) for Fig. 2-6(a) and (28) for Fig. 2-6(b).

()

Y(s) 1+e°v 261 = 2s
(): ST, :_i_+a 2 2“ (27)
E(s) 1-e° T,is S +(hw)

<

Y(s) _1-€°%? 48z 2s 0
9 1+e? T, & @+ (@h- Duy)Pe 29
dl hl o/ Y

Apparently, 2.7) and @.8) are multiple harmonic compensatotisat can be usefibr
eliminating all harmonics and oddrmonics respectivelyThe extent of computation
needed would be intensive if actual multiple resonant compensators are used.

Fortunatelywith the schemgpresented ifrig. 2-6, only a single delay block is needed
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for digital implementation. These hybrid repetitive control schemes are therefore

attractive and promisinglternatives for industry applications.

More recently, the control scheme shownFHig. 2-6(a) is smartly shifted to the
synchronousreference frame with its delay timeshortenedto one sixth of the
fundamental periodTy/6) [68]. The resultingtransfer functionis expressed as @,
which obviouslyhas a term that looks close {@.6). This implies that theleveloged
repetitive controller iscapable of compensating typic@h+l) harmonicsfound in
threephase threavire systemswhile yet avoiding the burden of implementing6)2.

This certainly is an advantage shared by most, if not all, repetitive schemes

Y(s) _1+e°¥° 281 = 2s 0
iy

= =Sy 29
E(9 1 €% T,is s +(6hn,)?y @9

Equation (29) can further be transfmed to the stationary franaccording td6] with

the same performance preserved. This latest controller, together with all other
repetitive controllers, wald still face the same problem of performance deterioration
at high compensating frequencies. The reason bemigmatched pole / zero
cancellation of thesystem plantThis deficiencywill lessen the attractiveness of the
repetitive control schemes, whidtrtunately can be solved by adopting the approach

contributed in Chapter 3.

2.4 Nonlinear Controllers

For nonlinearcurrentcontrollers,the on / off stateef semiconductor devices power
convertes are usually determined some predefined switching rgland / or logic
operationsinstead of using modulatorsheir dynamics are also much fastecause
of the absence dfandwidth limisin thar control loogs. Nonlinear control is therefore
at times popularexamples bein@CC, neutral netwdss control,fuzzy logic control
and hysteresis contr@l3]. This section focusesnly on OCC because of its proven

popularity in commercialpower electronigproducts[69]-[91] and relevance to this

"
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Fig. 2-7. Onecycle control of a buck converter.

thesis

OCC is often quoted asa largesignal nonlinear control method originally developed
for controlling DC/ DC power converterdts basicoperating principleas shown in
Fig. 2-7, is to control theswitchingduty ratiosuch that intgration ofa chosercontrol
variable is exactly equal or proportional to its reference in eswrtchingcycle [69],
[70]. Due to thisprecisecycle by cycle regulation, OCQGeatures instant refemee
tracking, good rejection of source side perturbai@md a constant switching
frequency.Stability of OCC habeendiscused in[70], where itwas proverthat OCC

is globally stable if its chosen control variable is indefEnt of its input signaFora
complex system whesinputto its switch is a fundon of other state variable§CC
can still be stable and gducezero tracking errom both steady and transient states

That however isubjecedto certainduty ratio Imitations.

Extending its application to ACDC power converters, OCC is subsequently adopted
for singlephaseactive power factor correction (PF@) contiruous conduction mode
(CCM). Relevant ontrol objectives defined aranity power factor operation and
sinusoidal input current waveformsven with a froriend diode rectifier bridge
[71]-[73]. Unlike linear controllersOCC achieves these objectives without using any

analog multiplier and ac line sensing feferencecurrent generatiant also does not
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need afixed oscillatorcommonly usedfor sawtooth ramp generation. Instead, in
OCC, its output eror from the differentiabmplifier is integrated over each clock cycle

to generate a variable slope ramose amplitude depesdnits loading level.

This ramp signal is then sthesizedwith the error voltagandcurrent sensing signal
to produce thdinal gating pulsesWith these unique features of OC@gtdesigned
PFC circuit usesless external passive component®r control implementation and
electromagnetic interference (EMI) filieg. Undoubtedlythis translate to a smaller
footprint, and hence higher power densityfo improve onOCC performance for PFC
control, its discontinuous conduction mode (DCMas investigated in[74], from
which a hybrid control technique was derivied achievingsmooth transitiofbetwee
CCM and DCM within one line cycle. Again, this hybrid scheme preserves unity
power factor, largeignal stability and noise immunity withnly very few hardware

additions.

Based onthe volt-sec balancingequation OCC canalso be applied to thregohase
boost rectifies for PFCcontrol[75]-[78]. Bipolar operation o& typical boost rectifier
has in fact been discusséd [75], where theconverteroutput current isshown to
follow the ac input voltagewithout using aPLL circuit for referencecurrent
generation.An alternative vector operation of OCC controlled thrphase PFC
rectifier has also beediscussed ifi76]. For that method, the igrthreephase voltages
per fundamental cycle are first dividedo six setants. Depending on the sextant that
the rectifier is presently residing, ia phaseleg is always clamped to a terminal of the
dc-link, while the other two phadegs modulate theswitches between two terminals
of the same dtink. Since one phaskeg is always clampedwitching losse®f this

method isggreatly reduced.

Instead of only a single converter, OQE vector modehas also been extended to
parallel operdion of multiple convertersan order tomeet highempower rating When

applied directlyy, OCC undesirably results in tleenverters appearing aslow
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impedanceclosedloop pathsfor circulating currento flow [78]. The outcomes are
output currenunbalanceand excessivpower lossesMoreover, the transition time of

these two inverters may not be synchronized, and it may probably cause a current step
change at each regiamossing point. Fortunately, for bipolar parallel OCC inverters,
this circulating current is natutgleliminated as there will be less likely to form up

this freewheeling looplo limit the circulating currenta hybrid OCC architecture that
combinesvector operatiomndbipolar operation is proposed i8], [79]. That method

simply uses bipolar mode at the start of each sextant before transiting to vector mode.

To a great extent, circulating current is reduced by such transition.

Other efforts on OCC cover its stability enhancemdrrmonic ad unbalance
compensationfor threephase power converters. One notable improvement is
documented irf80]-[82], wherea fictitious feedback term iexplicitly introduced to

the OCCcore for altering the slope ofa ramp waveform As a consequencéhe
modified OCC can regulate theystem real and reactive power fldveely without
entering unstalle zones Another improvement is shown if83]-[90], where the
harmonic compensatioability of OCC is demonstrated withPF and UPSystems
More recently ac input voltage unbalangebut not distortion,was taken into
consideration in[91]. The results there show th&@CC is camde of producing
sinusoidalinput currents which unfortunately are unbalanced. In addition, a large
capacitor is needetb reduceharmonic atthe delink, and henceprevening them
from distorting the input current§uch passive solutisrare notcost effectiveand
might not have brought out the full advantages of OCC under unbalanced and distorted

input conditions. Further discussion about this topic can be found in Chapter 8.

2.5 Summary

This chapterreviews some ofthe existing control technigues ah are populaty
employed for regulation of thrgghase PWM power converters. Depending on the

nature of the control algorithms, there classified as eitherlinear or nonlinear
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controlers For linear controlles, an insightful review isgiven to establsh basic
understanding of the relationships amétgPR and repetitive controllers, before their
advancedvariants are describedzor nonlinear contrtérs basic OCC operating
principles areexplaired before relatedrecent developmestare elaborated While
describing the schemes, challengessently unsolvedrealsoidentified, which when
summarized, represent problems linkedhigh frequency harmonidistortions LCL
filters and norideal supply voltage condition$o a great extenthesechallengesave

already been solved with relevant findings documented from Chapter 3 onwards.
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Chapter 3 Complex-Vector Repetitive Control of Power

Converters

3.1 Introduction

As discussed previously, repetitive control schelmeve gaired popularity in power
electronicapplicatons because aheir simplicity andimpressiveharmonic rejection.
Nevertheless, as the order of harmorizscompensatencreases, performansef
most repetitive controlles will deteriorate causing theconverter currento stop
following its referenceclosely due to mismatches pole-zero cancellation In [92],
[93] an attempt to transform individublrmonic to their respectivédharmonic frame

is demonstratedo as to achieve accurate pa&o cancellation. Although working
effectively, this methodcause excessive computatmal burden as the number of
harmonics compensated increadesw pass filter (LPF) introduced i@ach harmonic

framealsoslows down the dynamic response of tbnerallsystem.

To resolve these complications while preservihg simplicity of repetitive contrgl

this chapter first introduces the concept of complestor (CV) PI controlles, and
illustrates itsessentiabifferences as comparetb the traditional Pl contfers. After
understandingits basic operating principte a CV repetitive control scheme is
proposed which can either be formulated in the stationary frame or in a mixed
combination of stationary and synchronous frames (referred to as mixed frame
hereon) The designed controller uses a more precise transfer function for
compensating # frequency under consideratiand can physically be implemented
using simple mathematical functiondth a small amount of memory space forrsig

delayed control variabs.
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Moreover, its control characteristics are tuned to match harmonics produced by most
nonlinear loads, hence giving rise to a less nemsesitive scheme with no raised
computational burden for compensating more harmonics. When used with a
grid-conneced converter, its inherent ability to filter off grid disturbances from
distorting the generated current is also appreciated with more accurate control of active
and eactive power flows expectedhese steadgtate control features are attractive
which, together with thdast dynamic respons# the controller, aregesed physically

in the laboratory using a digitally controlled experimental seflipe results are

presented at the end thiis chapter for validation.

3.2 Complex-Vector PI Control in the Synchronous Frame

In principle, the propose@V repetitive control isdesigned based oime analytical
conceptof CV-PI controldiscused in[43]. Using the snple example described in
[43], where the conbl scheme is used for controlling a power converter connected to
a resistiveinductive (RL) load, the differences between the traditional P1GwidPI
controllers in the synchronous frame are clarified first before extending the latter to
give the proposi CV repetitive control scheme. Beginning with the overview block
diagram shown inFig. 3-1 (ignoring Vewr(s) for the time being), where the
complexvectornotationlqq = I - jlg has been used for integrating thandd variables
together to form a single variable, the fdedvard transfer expression for the control
path is written as:

Synchronous Frame

G(9) = Hy,o(9 H{sL (+R 1w, )} (3.1)
pole at s= {( R} 4} is noted in the second term @.1), whose imaginary

term explicitly represents the phase coupling introduced by the frame transformation.
For a norzero transformation frequenay, this complex pole igsot strictly cancelled

by the real zero introduced by the traditional Pl controller, whose transfer function and
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Fig. 3-1. Simplified control diagram of G¥1 control with an external load.
zero expression are respectively written kg ,(s) = K, +K;/s and s= -K /K,

where K, and K; represent the proportional and integral ngai Although partial
neutralization can still be attained for reasonably smglithe mismatch in poleero
cancellation is expected to everty@ause the controller to lesontrol of the plant as

u, increases progressively towards the designed ctertroendwidth. When that
happens, the dominant complex pole of the plant then determines the system

oscillatory response, which surely is an unacceptable scenario.

The traditional PI transfer function is therefore not an ideal base entity to rely on for
more advanced control development. Instead, for high frequency tracking and

disturbance rejection, an alternati@/-PI transfer fuition is recommended, whose
transfer function is written aHg ,(s) = K, K, K w,)/s. By explicitly writing
down the numerator ofsyp(S), the zero introduced by controller is undoubtedly

determined ass= {K /K, {;), where an imaginaryu term s added to form a

complex root. This complex zero can then be tuned to cancel the plant pole along the
feedforward path shown irFig. 3-1 by setting K; /K, =R/L, after settingKe to
produce the desirdohndwidth. The final system response is then solely determined by

the controller, regardless of the specific frequency used for the synchronous frame

transformation.

Although the analysis is performed on RL load, its application to loads with a

backemf (Veme(s) shown inFig. 3-1) is also possible after the influences introduced
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by the backemf are decoupled by feeding forward either its measured or predicted
value. The simplified load then resemblesRL load implying that perfect poleero
cancellation can still be achieved without much difficulty. Even without Jesmck
feedforward (for cases where voltage sensing is not performed due to likely cost
constraint), theCV-PI controller is still expected to germ well with only minor
deviation from its ideal operating condition expedi#48]. It is thereforeviewed as the
preferred transfer function in the synchronous frame to begin with, while developing

therepetitivecontrol scleme presentebelbw.

3.3 Complex-Vector Repetitive Control in a Mixed Reference Frame

As per the transformation of synchronous PI to stationary PR scheme mentioned in
Chapter 2, th&CV-PI control scheme can also be transformed to the stationary frame
by applyng the following mathematical frequendyifting operatior6]:

Stationary Frame

1. .. : ) :
H g2 (5) :E 8HSyr2(S -w) H sya( s W) (3.2)
where  HS (=K, K, K w)/s and Hg,(9=K, KK, K w)/s
represent the positive and negatsegjuence versions offig ,(s). Substituting Hgym

and Hg,, into (3.2) then gives rise to tl&V-PR transfer function in3(3) used for

ensuring zero steaetate fundamental tracking error in the stationary frame. In
essence(3.3) represents the optimal transfer function used for designing the CV
repetitivecontrol scheme, whose operating principles are discussed shortly. But before
doing that, the PR transfer function derived from the traditional Pl scheme is also
stated in(3.4) for comparison with (3), where a noted common feature is that they
have infinite gains at the resonant frequenciesugf That means both controllers can
simultaneously compensate for positive and negspience components, even
though their Plcounterparts can only compensate for one sequence depending on the

direction of rotation assumed.
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Stationary Frame

K, g+Ks
Hstae (5) Tevw (3.3)
Stationary Frame
K's
H S =K +—'" 3.4
Stat]_( ) p SZ + |/|/02 ( )

3.3.1 Operating Principles

One of the demanded features of thepoed control scheme involves the precise

compensation of only typical harmonics produced by most nonlinear loads. That

means the controller gains at those frequencies on interest (ne(gkivé), and
positive- (6k + 1w, whee k=1, 2,3  émust ideally be infinite with preferably zero

gains sustained at the ncoharacteristic frequencies, so as to avoid unnecessary noise
amplification. An obvious approach to produce the described harmonic gain profile is
to use multiple copis of (33) tuned at different frequencies in the stationary frame,
written as:

Stationary Frame

2
KS + Kis

h
H =8 2
Sta12_a( ) ka:.l Sz + ((6k 01)'/’/0 )2

(3.5)

where h, Ky and Ky are the maximum harmonic order considered and respective
controller gains. Although effective, an immediatisadvantage observed fro8¥) is

that as the number of harmonics selected for compensation increases, the
computational resource needed for processing all @heéPl terms increases
proportionally. Upon reaching the processing limit, the converterubudpgrades
noticeably, mking the choice of selectinGV-PR overthe conventionaPR controller

less prominent. One method for reducing the number of resonant terms is deduced

from the observation that by transforming the(6k 1w, and +(6k )y,

harmonics to the synchronous frame rotatingigtthey respectively become6kwy,
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and +6ku, components. These components can collectively be compensated by the
single generic resonant term expressed3®), whose gains are infinite at both
°6kn, because of the mathematical squaring operation in the denominator.

(Placement of resonant terms in the synchronous frame is first propd9&dl fior the
less ifferior PR transfer function expressed 3¥4)).

Synchronous Frame

H () S KpS” + Kys
s =4 =~ =
Syre_a El s+ (6kW0)2

(3.6)
Although effective in reducing the computational burden by halg) (still has an
upper limit, above which the compensation of more harmonics would lead to
performance degradation. Therefore, instead of explicitly realizing each resonant term,
an alternative method of integrated implementation is neetleid integration form

can be deduced by performing the following simple mathematical manipulations with
h set toe to compensate for latharacteristic load harmonicand an additional

Hgn(S) = K, +K,/s term added.

Synchronous Frame

@: :éKpl Iy KoS U K - KiS
g9~ o Moe £97975 @iy | T L 546 Wy

(3.7)

Upon setting K, /K, =K, /K, R/L and 2K, =K, A2/, (37) further

simplifies to:

Synchronous Frame

Y(9 _ sLé6w, é1 +a 2s Qg 69y 18 °. 2s
——=€ | — > 1.2 U ] > 1 2
E(9 Rgp s §+(6 ky)* yo &% ks 56 kW
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Synchronous Frame

Y(9 sLél+e’" g 1&e’t  gesL . 51
=>= b o Ll — — (3.9)
E(9 RE&-e°" § 1ge*" E;aE'_R -1 egt

Ta=2p/(6 @) ,/6
where an exponential rational function has replaced the summation of resonant terms.
Quite obviously, 8.9) infers that the resonant filters i3.§) can equivalently be
implemented by using only small amowitmemory spaces for storing past or delayed
values of the input control error without any significant increase in computational
burden even when compensating for all characteristic load harmonics. lllustration of

this alternative method of implementatits shown inFig. 3-2(a), where the delay

durationTy is noted to be onsixth of the fundamental time perio®, =2p/ w, as

indicated in 8.9). The only minor difference noted between the represensaitiog.6)

Feedback

Feedforward

sL/R+1 f——»

Complex Vector Repetitive Control
Synchronous Frame

()]
Feedback
K¢
Tz?‘” Feedforward
e-STd
Eis) Y ) sL/R+1| Y(s)
“ b“ TSt

Complex Vector Repetitive Control
Synchronous Frame

(b)
Fig. 3-2. CV repetitive control in the synchronous frame undeid@l and (b)
nortideal operating conditions.
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and @.9) is the implicit embedding of a galfy: and an integraKii/s term in the latter
(explicitly shown in 8.7)), whose influence is to compensate for the posgeguence
fundamental error in the synchronous frame (nega@pience notompensated),
similar to that imposed by the traditional synchronous frame PI controller. In addition
to that, the integral term is noted to have an ability to compensate for grid harmonics,
which is qualitatively less obvious, but can be proven matheatigtas demonstrated

in Subsection3.3.3.

Another observation deduced frof9) is that it does notllaw independent tuning of

the fundamental and individual harmonic gains, which are assumed constant during the
simplification from B.7) to (3.9). This no doubt is a disadvantage, which can be
compromised by paralleling théV repetitive controller with he CV-PR controller
expressed in33) to give the system shown kig. 3-3, where a mixed combination of
stationary and synchronous (rotating at the fundamental frequency) frames is involved.
The resulting contrédr can then be freely tuned to produce the desired dynamic
response, fundamental positisequence tracking and negatsequence unbalance
compensation, independent of its characteristic load harmonic compensation ability

achieved by using only simple ldg and mathematical operations.

Power Converter
Gy(s) B

Controller Hyp4(s)

KpsZ+Kis
s%+(0o)?
Stationary

Reference _@ Frame V' (s)

Current E(s) PWMH
Generator Complex Vector
Repetitive

— Control
Synchronous

Frame

Fig. 3-3. Representation of integrat€@y/-PR andCV repetitive control scheme in
mixed reference frame.
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Note that the adoption of delay block for control has previously been mentioned in
[55], but for the scheme discussed there, the summation of multiple PR terms is
discussed, which as mentionedrlesr, will give rise to poorer compensation when
compared with the more advanc&@y/-PR controllers used for designing tik&/
repetitive scheme presented here. In addition, the schenfgsjnhas resonant peaks
placed at all &rmonic frequencies including those not typically produced by common
nonlinear loads, which can at times cause noisejeetion to the system if disturbing
noises at those untypical frequenciessexAlso, it is pointed out if55] that the
embedded integrator in its described scheme is not providing any useful contribution to

performance, and is thus intentionally neutralized by placing a high pass filter
gs/( g+1) along the feedback path of that scheme. Iastefaneutralizing it, the
integral term of theCV repetitive scheme is used wisely for compensating other

harmonics after a simple modification is made to its frame transformatimess, as

discussed later on.
3.3.2 Robustness and Stability Enhancement

The CV transfer function in3.9) is noted to consist of the prodwita zero with a
rational timedelayed transfer function. Needless to say, both building blocks are ideal

entities derived directly from conceptual studies, which need further refinements

beforethey can stably be realized in practice. For the zers=at-R L, its realization

can be enhanced by adding a pole with properly tuned cutoff frequency for attenuating

noises that it might pick up. This modification is explicitly showirig. 3-2(b), where

the introduced pole cutoff frequency is located sst /¢, . Next, to introduce

physical stability to the timdelay block, its series of infinite gains at characteristic
load harnonic frequencies must be flattened slightly by introducing a damping
coefficient to its transfer function (also applicable to most existing resonant
controllers). This can be done by shifting the roots to the lefs by the root locus

plot, which in trasfer function notation, is written as:
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Synchronous Frame

+eE®OT 14K, e5F
-etPE 1 Kie®t

TD(s+s) -i (3.10)

where K, =e°" is viewed as the equivalent damping gain added along the control

path of the delay terme ** (also shown irFig. 3-2(b)). With this modification, the
gains at the resonant peaks are now not infinite, but expressgidras; )/(1 -K ),

from which, it is deduced that to still keep a reasonably high gain without introducing
polarity inversion K should preferably assume a value between 0 and 1. In addition to
its gain reduction ability, other influences introduced by the damping ga®ilid) (are
more obviously revealed by expandirgj1Q) into its resonant series, as dentaisd

by:

Synchronous Frame

Y(s+s)

E(sts)
6w, € 1 o 2(s+s) a

=—23 U (3.11)
p jst s a(s+ ¥ ('Bko)ﬁ/y

_6éw,e 1 2 2(s+s) l

pist s ias 2 s [ sk )W,

From @.11), it is noted that the integral term now has a cutoff frequenayhich is
relatively small, and therefore, would not introduce any significant influence. Also
noted in B8.11) is thepresence of two additional terms wishembedded, found in the
denominator of each of the resonant functions. For the first term indicatesk ags

duty is to damp the infinite resonant peaks as intended with no unwanted side

influence introduced, but for the second term indicatedsas it undesirably causes

the resonant peaks to shift slightly above their nominal frequencies collectively
expressed ask@. Fortunately, that shifting is not expected to impaet ¢bntroller
performance significantly since? is almost negligible even when compared with the

first harmonic resonance located at 300 Hzg]6in the synchronous frame. For
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Fig. 3-4. Variation of the sixtkorder resonant term in the synchronous frame w
changes

validating that assumptiorkig. 3-4 shows the variation of the sixtirder resonant

term in @.11) with s increased from 0 top2 10 rad/s. Clearly, the resonant gain
reduces when the damping coefficiesitincreases, but with no visible shifting of
resonant frequency noteid all three traces, hence justifying the assumption of
negligible mistuning even for the Awor st
comparatively smaller mistuned error associated with the proposed scheme, as
compared with the scheme discusa®[55], where the first resonant peak is placed at

100 Hz in the stationary frame.

Other than adding a damping coefficient, a second modification recommended for the

time delay block is to place a simple first order LPF with cutoff frequency of

s= /t, after the delay term, as indicatedHRig. 3-2(b). This LPF term serves to

narrow the bandwidth of the system so as to filter off high frequency switching noises
that can bring instability, especially to an analog system. For a digital implementation,
explicit noise filtering is Iss stringent since the sampling process, favaurable

extent, has introduced some implicit filtering to the controller.
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3.3.3 Integral Term for Grid Disturbance Rejection

As noted in 8.7), the propose@V repetitive controscheme incorporates an integrator
Ki/s in addition to those harmonic resonant peaks. The integrator, besides contributing
slightly to the tracking of fundamental reference, also exhibits an additional
functionality when the proposed scheme is used for grid converter control, during
which the grid voltage is measured and used for synchronous frame transformation
[94]. For undistorted grid, transformation to the synchronous frame is straightforward
with only a linearly rising angle available for affecting it. Othe other hand, if the

grid is distorted, choices of synchronizing the transformation angle with reference to
the positivesequence or actual grid voltage are available for selection with each
having its own unique system impacts. Needless to say, &rtle synchronized with

the positivesequence grid voltage is used, the frequency shifting expression adopted is
again similar to that expressed i8.9), which clearly has no added capability for
compensating the grid distortion. Therefore, instead ofcteymizing with the

positivesequence voltage, the actual grid voltage should be followed to give an angle
c';- (, g) needed for affecting an alternative form of frequesiaifting process that is
different from @.2). To be more specific, usini for transformation gives rise to the

new frequencyshifted transfer function oﬂ-EStatz(s) in the stationary frame, and

expressed as:

Stationary Frame

(9 =2 8Hs (s +iv) Mofs i) g
ahﬁeglsyn(s+ jhw,) Hg (s jhw) g, l' (3.12)
- BHsp(s +ith 2w,) Hy (s j(h 2) WJ
where a, is the amplitude of grid distortion introduced for relatlng the actual and

positivesequence angles bf: g8, sin[(h 1 ] Clearly, the first term in3(12)

resembles that in3(2), used for performing the usual synchronous frame (rotating at

) to stationary frame transformation. Therefore, thegtresonant filters embedded




Chapter3 ComplexVector Repetitive Control of Power Conters

in the proposed scheme can still compensate for the characteristic load harmonics even

-

if df Is used. More interestingly is the added feature introducethdogecond term,

which infers that the embedded integrator when transformed to the stationary frame
resembles a resonant term with its resonant peak centeimgh.al hat means the
embedded integrator in the mixé@dme repetitivecontroller can compensator any

hug harmonics in the grid, albeit at a reduced gaiay6f, in addition to those typical

load harmonics at(6k- 1)1 and +(&+1)ug discussed earlier.

3.4 Complex-Vector Repetitive Control in the Stationary Frame

Although the mixed frame scheme pnets®l inFig. 3-3 has already been proven to
operate well under distorted system conditions, its analysis is still not that
straightforward because of its involvement of two reference frames, which definitely is
not easy to express mathematically. Therefore for analytical purposes, it would be
more convenient to either transform t6%-PR controller to theCV-PI controller in

the synchronous frame or ti®/ repetitive control scheme to the stationary frame. Of
thesetwo options, the former is straightforward, but would impose the disadvantage of
requiring frame transformation of all control variables at the beginning of each
computational step. Therefore, instead of that option, the second option of
transforming theCV repetitive block to the stationary frame is now explored by
applying the frequeneghifting process illustrated in (3.2) to (3.9). The mathematical
manipulations are presented as follows.

Stationary Frame

ge(s- ju)L ,, H+eC M g
1€ R G e mn U
Y(9 _17¢€ - €

E(9 2'|‘+é(s+ jw,)L 4 ?gl+e'(s )Ty
! R 81 g (5 6)Ts
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oon_<
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} R él' g (5 -6)Ty 1 -e® W l:l\l

1
= E{ H Int1 (S) +H|nt2(3}
ConsideringHina(s) andHini(S) separately then gives rise to:
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Noting that € ™ + &« =2cosfy, T, ), (3.14) then becomes:

ésL 9 2(1- %)
(s)=
Intl 8 &-_ e—s'l;j (ZCOS(/’{)-IB )) +e—SZT,

Since T, =2p/(6 y) from (3.9), (3.15) further simplifies to:
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Proceeding next to simplififini(S):
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Replacing the exponential terms in the parentheses

gl - e = Psiniy,T,) and € "+« 2cosfy, T, ) then gives rise to:
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(3.13)
(3.14)
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(3.16)
(3.17)
(3.bY)
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With (3.16) and 8.18) substituted back t8B({3), the requiredCV repetitive transfer

function in the stationary frame is derived as:

Y(9 _(SUR+D) /3y L/Re™ ¢sL RIH&T (3.19)
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Fig. 3-5. CV repetitive control in th stationary frame under (a) ideal and (b)-rdea
operating conditions.
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Fig. 3-6. Bode plot of the proposed CV repetitive controller in comparison to a ¢
PR controller.

Drawingthe above equatioin block diagram form then gives rise to the configuration
shown inFig. 3-5(a), where only simple delay blocks and transfer functions are used
for its implementation in the stationary frame without any frame transformation of
control variables needed. Unlike the mixeame variant whose resonant peaks
compensate for only negative kiGl) and positive (B+1) harmonics, the resonant
terms introduced by the stationary frame variant can compensate for both positive and
negativesequence (6 1) harmonics based on the same reasoning explairfagtion

3.3, while deriving the elementary resonant expressions. The designed stationary frame
controller can therefore also compensate for grid distortion, even though its operating
principle is not based on the integralperation Proceeding on to stabilize the
controler in a physical setug;ig. 3-5(b) shows the controller with gai&s and time
constants {; and ¢,;) added for filtering and damping noises, which would almost
always bethere The resulting controller (with £€V-PR term added) is therefore
summarized as a robust, dynamically fast entity that can track its pesstnence
reference well, and compensate for negas®guence unbalance and characteristic
load / grid harmonics using only simple building blocks ftw iealization.The

frequency domaimesponseof the designedCV repetitivecontroller is plotted irFig.
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