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Abstract

Facing the trend of rapigrowing solar PV capacity, theige an increasing demand for
achieving efficient and reliable energy conversion between distributed PV plants and the utility
power grid. Varieties of the thrgghase transformerless solar PV inverters have been developed
to enhance t he, relighdity, amd@eweredénstity. dni sach sygterogmmon
mode (CM) leakage current can be produced due to varying cormuate voltage (CMV),
which usually requires a CM filter to suppre&stensive studies have be@onducted on
reducingthe size of CM ifters. In particular the zero CMV (ZCMV) PWM and interleaved
PWM are two popular approaches.

The ZCMV PWMis proposed to eliminate the CMV in a multilevel inverter. Despite the
reduced linear modulation range, this method has been a popular apipraaeHiteraturefor
PV invertersin both 1000V and 1500V system$&he AC voltage can be low. As such, the
reduced linear modulation range is not a big limitiactor for the ZCMV PWM in PV inverter
application. However, the CMV cannot be completely eliteidadue to the inevitable dead
time. As a result, passive CM filter is still required in a PV inverter. Moreover, the ZCMV PWM
results in larger harmonics in the output current. As a result, the practical value of the ZCMV
PWM for PV inverter applicatioremainsunknown.

On the other hand, modular parallel PV inverter system has been widely employed in
practical applications to enhance system lifetime and efficieWath interleaved PWM, the
overall CMV of the system can Warther reduced thusresults h smaller CM filtes. The key

challenge to implement the paralieterleaved inverters is the control of ldvequency (LF)



zerosequence circulating current (ZSCC) which can be induced by unavoidable hardware
parameters mismatch and output power mismatch.

This thesis focuses on addressing the key issues of employing ZCMV PWM and interleaved
PWM to reduce the CMV effects in differe types of the gristonnected PV inverterdA
comprehensive evaluation of the ZCMV PWM is conducted on the transformertgps BL-

NPC string PV inverterdn this study, wo aspectare explored includingeadtime effect and
resultant filter volume.rpact of deadime is thoroughly investigatefirst, which indicates
CMV spikes caused by dedidhe are inevitable to ZCMV PWMs. To mitigate the d¢iacke
effects, a coseffective deadime mitigation strategy has been proposed by usingLGIP
filters. The analysis indicates NECL has better CM performance than conventional LCL filter,
which can be applied to mitigate the desde effect without introducing extra passive filtering
elements. In order to investigate the actual impact of ZCMV PWM on thé datput filter
volume, a comparative study has been conducted between the conventional PD PWM and
ZCMV PWM methods. The study indicates size of the CM filter can be reduced with ZCMV
PWM, but at the cost of two times larger of the DM filter and 1.5 tilakeger of the total filter
volume. Considering the dedithe effect and larger DM filter requirements, ZCMV is less
applicable than PD in such applications.

Interleaved PWM, on the other hand, can be applied to reduce the CMV effects in central or
multistring PV inverters where modular parallel VSIs are employed. This thesis proposed an
MPC-based centralized control scheme to achieve interleaved PWM and eliminatior of LF
ZSCC. Carriers are adopted to realize interleaving, where the benefits of MPC aledvete
PWM are combined to further enhance the system performances. A generalized ZSCC model is

derived, which allows the proposed method to be applied to any number of modular parallel



VSIs. With LFZSCC eliminated,the proposed method enablésterleavel PWM to be
implemented inN parallekd inverter modulesfor CMV reduction. Compared to the existing
MPC-based ZS control schemes, proposed method is more applicable and more flexible, which

can be implemented either in a dedicate central controllereo@irc h converterods | oc
Effectiveness of the proposed method has been verified by MATLAB simulations aschlab

experiments using paraléatwo-level VSI as an example.
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Fig. 3.19. Experimental results of the proposed centralizedM€B with LFZSCC elimination:(a)
phase A modulendividual output currents, totalutput curents, and measured ZSC(D)
frequency domain FFT analysis of ZSCC before (blue) & after (red) inverter #1 switched off.
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Chapter 1 Introduction

Rapid growing solar photovoltaic (PV) generation becomes one of the s@joresof
renewable electricity to me#e worldwide increasing energy demand. According to the latest
Renewables 2019 Global Status Rega#lt the newly installed PV generationapacity has
increased by199GW in the past two yearas shown in Fig. 1,Wwhich leads renewable capacity
growthandaccounts for 55% of thglobaltotal renewableaddition.The Global Market Outlook
for Solar Powef2] revealsthe prospectivglobal PV marketvill double itssizefrom 5051 GW
to over 1TW by 2022Behind the fasgrowing PV market one driving forceis the massive
productioncapacityof the silicon-based PV module, whidacilitated over90% price dropof the
PV modulein the past 20 year§3, 4. The otherreasm is developmenbf the solid statePV
invertess, which enablegntegration of distributed solar planisto utility power grid[5-7].
Mearwhile, the rapid expandingPV capacity imposes greater challenges on #ifEiciency,
reliability, andpower densityof the grid-interfacing PV invertergs-11].

In the solaito-grid energy conversion process, the grashnected PV inverters play a key
role in convering the direct current (DCjrom PV powerto the gridfrequency alternating
current (AC)power. On the one hand, yield of PV system is dependent on efficiency of the PV
inverters. On the other hand, reliability of the PV inverters has been identified as the major
constrain for solar production. According to the statistlosaverage lifespan ofotnmerciaized
PV inverters is mund 5-10 years, while the PV modules can last for over 25 yd#is PV
inverter is among the most vulnerable components in PV systems, ednelffect theyield of
the solar farmsin a significant way 13]. Beside efficency and reliability,

density isanotherimportant aspect to be considemdaring the designFor the emerging utility



scale PV projects, number of the PV inverters can easily reach up to several thousands, which
requires considerable mamper for installation and maintenanc8ize and weight of PV

inverters can make significant differenceimverterrelatedlabour cost 14]. Thus, it is highly

desirable to improve y%twhe PV inverterdés power
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Fig. 11. Cumulative installed global solar PV capacity between year 2008 to 2018 as reportec
Renewable 2019 Global Status Report [1]

1.1. Voltage source inverters in solar PV applications

Varieties of thePV inverter topologies have been developed to enhaheesystem
efficiency, reliability, and power density8f11]. Due to the advances in semiconduatevices
voltage source inverter (VSI) abeen widely applied in the grcbnnected PV inverterin
general, the grieconnected VSbased PV inverters can be classified itlicee categoriesas
shown in Fig. 1.2, which includel§ central PV inverters, 2) strirgy multistring PV inverters,
3) AC module PV inverters[ 15, 14. Central inverter@are developed for the utilingcale PV

installations, while stringor multistring PV inverters can be found in all types of the PV



installations. AC module PV inverter fiadmore of its application in residentiatale or

commercialscalePV installationsThis thesis focuses on the first two types of the PV inverters.

PV strings PV string multi-string AC module
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Fig. 12. Different types of the mid-connected VSbased PV inverterqa) threephase central PV
inverter, (b)onephase/threghase string and multistring PV inverters, (c) AC module PV inverter

1.1.1. Grid-connectedcentral PV inverters

Central PV invertex are more suitable folarge utility-scale PV installations becausef
higher capacity, fewer components, awevér maintenance cost. As shown in Fig2, PV
panels are serigzarallel connected to common central PV inverter through the DC combiner
box. The entire PV farm runs and relies on one central inverter, which imposes more challenges
onthei nvertero6s reliability. Al so, the power
power point tracking (MPPT) strategies and module output mismhitHeven though, it is still
the proven inverter technology that widely applied in the laage PV gnerations.

The rapid expanding PV market has imposed increasing demand for the central inverter with
higher capacity.Nowadays, the commercial central PV inverteen reach up to mulki

megawattsn capacity, e.g., SMAffers a4.7 MW central inverter fosolar PV[18], andA B B 6 s



central PV inverters have a power capability of 5 M|[ In such highpower PV inverters,
modular paralleled mukV¥ S1 syst ems can be empl oyehdyondo ext e
the switching devia® current limit withodh ar mi ng t he systemds20,ef fi ci

21].

1.1.2. Grid -connectedstring or multistring PV inverters

String or multistring PV inverters can replace the central inverters in small widdyePV
installations (below 1 MW). Higher yield can be achieved by implementing the MPPT
individually for each PV stringEach PV string is individually controlled by a single inverter
(string invertes) or by DC-DC convertes (optionalin multistring invertes) to realize individual
MPPT. Beside efficiency, these designs offer better flexibility compared to central PV inverters,
whi ch al | o-aslp e agdgimplifiedsystgmexpansior5].

Both the singlgophase and threghase VSI topologies can be applied to stongultistring
PV inverters. Particularly, singighase VSIs are more suitable for PV systems rated below 10
kW. Threephase VSIs are more favorable for larger PV installatiwheresinglephase VS
may cause the grid unbalanckq]. Facing the trend aéxpandingPV capacity the study focuses
on the most popular thregohasestring or multistring PV inverters which have better grid
interfacing capability. Power ratie@f these inverters range fromme kilowattto a few hundred
kilowatts. The market trenaf such type PV inverteis towards highempower densies [14].
Taking the stat®f-the-art commercial product for instance, SMA recently reldase’5kW
threephase multistring PV inverter with a power density of 0.58 kW/L for volume or 0.97kW/kg
for weight 2.

Multilevel VSI topologiesare adoptedo improve theoutput quality andoower density

Compared to the conventional tdevel VSIs, muliievel VSIshavebetter performancbecause



of lower switching stress, less harmonic distortions, and higher efficieddd].] The
performancecan be further leveraged by employing wide-bandgap (WBG)devicedike 1200
kV Silicon Carbide (SiC) o600V Gallium Nitride (GaN) 23]. Comparé to the conventional
silicon-basedswitching devices such as insulaigate bipolar transistors (IGBTs), these WBG
devices haveénigher switching frequentes (above 10 kHz)and much lowerswitching losss

Increasing application of those WBG devicesfatendin stringor multistring PV inverter$24,

25].
1.2. CM voltageeffectsin transformerless PV inverters

In addition tothe cost andoerformance, safetiyas always beeniority for grid-connected
PV invertes, where commomode voltage (CMV) could cause major safety concerns. In a
balanced threphase PV systengMV is the averagef phaseto-neutraloutputvoltagesvan, Von,

Ven, Which can be derived in1(1). CM leakage currenwill be produced if there exists a
circulating pathe.qg.,in grid-tied transformerless PYhverter systemsThe leakage currentw is

expressed inl(2), whereZcuw denoteghe CM equivalent impedance across the system.
0 -0 0 0 (1.2

Qs — (12)

Traditionally, a highfrequency DC transformer or kne-frequency AC transformer is
implemented in PV inverters to enhance the safety performaviteh canprovide galvanic
isolation between the PV source and utitijtyd. However, these heavy and bulky transformers
i ncrease the PV ,andgostwhildwedirgtheseffideacy and poivay density

[26-28]. To address those challenges, transformerless PV invertads\a®ped anddopted in



the gridconnected PV application§,[8-11]. Without the transformes, i n v e pdwer densty
andefficiency can besignificantlyimproved P9, 3Q. However,in transformerless PV inverters,
commonmode (CM) leakage current can be produced duehangeof CMV. Without the
galvanic isolation, grounding path forms between the PV panels and utility grid, which allows
the flow of the CM leakage current&s shown in Fig.1.3, circulation pathfor CM leakage
currentis plotted inred where theCy denotes the paragitcapacitance of the PV arraysrange

of 50/ 150 nF/kW[1€]. For the utilityscale PV installations, PV panels become dangerous to
touch where the leakage current can flow through human body to cause electrical shock or safety
hazards. Beyond the safetpncerns, major issues such as output waveform distortion, extra

power loss, and electromagnetic interference will arise if the CM harmarecaotproperly

eliminated[31, 33.
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Fig. 13. CM leakage currertirculation path (as plotted in red) in transformerless PV systems.

There are several widely accepted industrial standards specifying the limit for CM
harmonics. For instance, IE62109 defines the CM leakage current limit of 300mA in RMS
[33]. In practice transformerless PV inverters usually requasge CM chéesto suppres the
CM currentin orderto comply with the grid codeThe size of the CM choke depends on the

peak value of théhigh-frequency CM harmonicsTo scale down the costly and kyl CM



chokes, improvedhverter topologies32, 34, 33 and pulsewidth modulation (PWM)schemes
[36-45] aredeveloped for different types of the PV inverters. For instance, zero CMV (ZCMV)
PWMs are mainly proposed for stingultistring PV inverters emplayg the multilevel
topologies[38-42], while the interleaved PWM technique can be applied to-haher central

PV invertersvhenmodular paralleVSlis are adopted43-45]. This thesis focuses on addressing
the key issue of employing ZCMV PWMs and intevied PWM techniqudo reduceCMV

effectsin different types ofjrid-connected transformerless PV inverters.

1.3. CM harmonics elimination with ZCMV PWM

For thestring ormultistring PV inverters, a widely appli€ctype threelevel neutralpoint
clamp {T-type3L-NPC) invertertopology has been selectddr investigaion [46]. The topology
can be found in Fig. 1.40n the one hand, it has fewer components, lower switching loss, and
simplified current commutation loopompared taonventionalBL-NPC topologies 46, 47]. On
the other hand, this topology offers thmeputlevels, whichmakes it easier to comply with grid
codks such as IEEE51%r IEEE1547 Compared to theconventional tweevel VSI, output
harmonics are pushed to higher orderth lower magnitudes 48], which can be converted to
lessCM harmonics otower leakage current. However, the reductiomsufficient especially in
string or multistring PV inverters, because large CM choke or isolation transformer are still
required in order to eliminate the CM leakage current to below 308@ccArding to IEG62109
[33]. To achieve transformerless power cersion without usinga large CM choke, zero
commonmode voltage (ZCMV)PWMs have been proposed as an attractive solutfon

multilevel PV inverter§38-41].
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Fig. 14. Topology of thregphase ftype 3L-NPC intransformerless stringr multistringPV invertes

In T-type 3L-NPC PV inverters, the output voltage/current are actively controlled by
adjusting the firing angles &GBTs. Each phase has three possible outputg2 [P], 0 [O], and
-Vad2 [N]. Considering all three phases, there are 27 switching states and 18 switching vectors.
As summarizd in Table 1.1, switching actions of #&1IGBTs will generate different levslof
CMV on the neutral terminakor conventional PWMmnethod such as phastispasition (PD) or
space vector modulation (SVM)igsificant amount of the higbrder CM harmonics will be
produceddue toselectionof the switching statesvith different CMV. Aiming at transformerless
power conversiomndsmaller CM filters, modified PWM methods have been progbseonly
selecting switching statggoducingzero CMV. ZCMV PWNMs can be realized witkeitherSVM
[38, 39 or carrierbased PWM40, 4]. Taking SVMbased ZCMV PWM for instancenly the
medium vetors [NPO], [NOP], [PON], [PNO], [OPN], [ONP] and zero vector [OOO] are
selected during modulatiohligh-order CM harmonics can be reduceadlifthe switching states
producezero CMV. More details about SVMbased ZMCYV studied in the thesis can be found i

Fig. 1.5 It should be noted thaitCMV PWMs has a major drawback, whicgki nve D€ er 6 s



voltage utilization rate. With ZCMV PWMsDC voltage utilization rate is 13.4% lower
compared to the conventional PWM methddsspiteof the lowerDC voltage utilizationrate
ZCMV PWNMs are still widely applied istring PV inverters and electricalmotor drives where

leakage current is a major concern.

Table 1.1. CommonMode Voltages of ThrePhase Ttype 3L-NPC
Inverte with 27 Switching States

Switching states CMV (ax o)
000 +Vad2
PPO, POP, OPP +V4d3
PNP, PPN, NPP, OOP, POO, OPO +Vad6

000, NPO, NOP, PON, PNO, OPN, ONP 0

NPN, NNP, PNN, OON, NOO, ONO -Vad6
NON, ONN, NNO -Vad3
NNN -V4d2

Beside DC voltage utilization rate there areother factors such asdeadtime effect and
resultant total filter volume, which can affect the applicability of ZCMV PWMs in the
transformerless PV inverter$heoretically, CMV can be 100&iminated with ZCMV PWMs
thus noCM filter is requiredIn practice CMV spikeswith a magnitude o¥/4/6 can be observed
due to the inevitableleadtime effect which still requirs a CM choke On the other hand,
considering the ZCM\modulationwill undermine theoutputcurrent quality which may lead to
sizeincreaseof differentiakmode (DM) filtess, the impact of ZCMV on théotal filter volume

remainsunknown which alsorequiresfurther invesigation



Fig. 15. Summary of voltage vectors for the thigigase ftype 3L-NPC inverter. In the conventione
SVM-based ZCMV PWM scheme, only the six medium vectors [PON] [OPN] [NPO] [NOP] [C
[PNO] and a zeroector [OOO] are select for modulation (as highlighted by red in this figure).

1.4. CM harmonics reduction with interleaved PWM

Employing modularity becomes the trend of modern power electronics, vpaeadel
operation of thre@hase VSIsis commonly found inhigh-power multistring or central PV
inverters [49]. Higher powerratings can be easily achievedalong with better scalability,
reliability, andfault tolerant capability50-51]. In this work,modular paralletwo-level VSI (2L-

VSI) systemhas beenselectedor illustration As shown in Figl.6, multiple 2L-VSI modules

10



are sharing a common D{@nk, and parallekconnected to the AC grickach inverter module

shares patrtial of the total loadringDC-to-AC power conversia.
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Fig. 16. Topology ofN modular paralleled 24VSls in multistring or central PV inverters.

Facing the challenge @MV effects interleaved PWM techniqa¢43-45] can be employed
in paralleledmulti-VSis for redwtion of the CMV effects orleakage currentlf the PWM
carriers for each inverter are phasédr i f t eNlradians thedorminant CM harmoniasill be
pushedfrom the carrier frequencyf fer to higher ordes. More specifically, frequencydomain
analysisin Fig. 1.7 indicates thathe dominant CM harmonics dfl interleaved 2EVSIs appears
at N timesof the carrier frequency.argerthe module numbekX, higher the order of dominant
CM harmonicswhich will result ina smaller CMfilter. Additional benefitsof the interleaved

PWM include multiple output voltage levels, reduced PWM voltage ripple, cancellation ef low
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order DM harmonics, and size reductiontle¢ passivdiltering componentsAccording to the

study in [/5], the most usedlCL filters can be replaced with smaller L filters to satisfy the grid

code, when a certain number of converters are interleaved. With sDillditters adopted in

each modulesystempower density can be further improved.
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Fig. 1.7. CM harmonics distribution of six paralleled 2{Sls modulated with (a) synchronized (ro
interleaved) PWM (b) interleaved PWM technique. Waveforms of phase A to nAgoitnalvoltage
Vanp, cOMmonmode voltage (CMV)Vew, and frequecy domain FFT analysis ofcw. where the
fundamental frequency is 60Hz; carrier frequency is 6kHh£@00); DClink voltage is 1000V.

However, zerosequence circulating current (ZSC{z) becomesthe majorconcernwhen

adoptinginterleavel PWM in modularparallel VSIs. ZSCC can be decomposed irtee high

frequency (HF) componentind lowfrequency (LF) componentsiZSCC isthe sideeffect of
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interleaving as the terminal voltages are differmmiong the paralleled inverteiSM chokeis
requiredto be implementedn each inverterto eliminatethe HF-ZSCC LF-ZSCC can be
generateddue to the inevitabldardwareparametes mismatch and/or unequal power sharing
among theparalleledinverter moduls. If not properly eliminated, such EESCC may saturate
the CM choke, increase device power loss, and even damage the entire kygtencentral or
multistring PV inverters that adopting paralleled m\Mi8ls, CMV effects can be mitigatedth
interleaved PWMIif and only if LFZSCChas beemompletelyeliminated

To regulateLF-ZSCCin the interleaved multlVSI systems zerosequence (ZS) controllers
can be applieth different controlschemesReferences50, 51 proposesomesimple ZS current
controllers Those controllers are to be implementedaimistributed manner aachinverter,
where communicatianamong themodulesare prohibited However,thesecommunicatiodess
ZS controllers are not effective when the inverter modules have diffeatput powes. Such
condition is commonly seen when urshading strategy is applied to improtree light-load
efficiency. Facing those challengesentralized controinethods[52-62] are proposed where
communicatios are implemented amoms controlles to achieve completelimination of LF
ZSCC In such desigmparallekdinvertermodules areusuallyintegrated ito one housingwhere
data exchangare made througlhe interconnectediber-optic cables Different ZS control
methodssharing the similar control architecture can be fouind literature which including
proportional integral (P1) contrddased metho52], feedforward control based method$3,
54], deadbeatcontrol based methodb5, 54, and model predictivecontrol (MRC) based
methodg57-62]. In these methods, each inverter needs to exchange data with alnoithdes
which requiressignificant amount of the communication cabl&eside higher costomplex

communicatios will impose more challengeon installationand maintenancén addition most
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of the existing_.F-ZSCC control schemes, especially those adopting MPC, are only applicable to
two paralleled inverterswithout a generalized ZSCC modehethod like [57-62] cannot be
applied tomultiparalleled VSI systems with more than two modulBserefore it is highly
desirable todevelop a generalizedF-ZSCC control scheme wibh haslower costand better

applicabilityto N modular parallel VSls

1.5. Thesis contributions andorganization

This thesis focuses on addressing the key issues of employing ZCMV PWM and interleaved
PWM to reducethe CMV effects indifferent types of theyrid-connectedransformerles$V
inverters.Multilevel VSI andmodular paalleled VSIs aréoth consideredn this study Major
contributiors of this thesisareoutlinedin below

1 For stringor multistring PV invertersvith multilevel VSIs, CMV cannot becompletely

eliminated with ZCMV PWM methoddue to the inevitabldeadtime effect In Chapter
2, a thorough investigation of the de@de effectis conductedon T-type 3L-NPC
inverterswhen modulated with ZCMV PWM. A costeffective deadtime mitigation
strategyof using DC neutratpoint connected LCL (NHRCL) filter has been proposed,
which does not introduce angdditional passive filtering elementgto the system.
However considering thainderminedoutput quality, ZCMV PWNMs still require larger
DM filters compared to conventional PWM method$ie actualimpact of ZCMV
PWMs on thetotal outputfilter volume remains unknownThis thesisfirst explores the
actual impact of ZCMV onthe total output filter volume Comparativestudes are

conductedbetween ZCMV and conventional PD PWM methods Volumes of the
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resultant CM and DM filters are fairly comparedderthe samdilter parametes design
framework Moredetaik about thelesignandcomparisorarepresented in Chapter 2.

For multistring or central PV invertergith modular paralleVSls, interleaved PWM can
be employed to redudbe CMV effects but LF-ZSCCissue must be addressed in the
first place.In Chapter 3a novel centralized carriebased model predictive control (€B
MPC) schemehas beerproposedto achieve interleaving and full elimination of LF
ZSCC in N modular paralledd VSIs. Power can be individually controlled for each
inverter module where LFZSCCs causedby unavoidable hardware parameters
mismatch and/or unequaloduleoutput power are completegtiminated A generalized
ZSCC model has been derivexleverag the emplosnentof modulated MPCCarriers
are adopted to achieve interleaviBgnefits ofMPC and interleaved PWM are combined
to yield further improvemerdf the performanceln this thesis2L-VSI has been selected
for illustration The proposed method is applicableNtanodular parallemultilevel VSis

as well for LFZSCC eliminationCompaed to the exiting MP@ased LFZSCC control
methodsthe proposedentralizedcontrol schemdas better applicability and flexibility,
which can be implemented either in a dedicate central controllerorom ver t er 0 s
controllers More detailsabout the design, implementation, and performancetha
centralized CBVIPC are presented in Chapter &onclusions and prospedor future

work are summarized in Chapter 4.
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Chapter 2 Evaluation of ZCMV PWM in

TransformerlessT-type 3L-NPC Inverter

In this chapter,a comprehensive evaluation of ZCMV PWM methasisconductedon
transformerless -Type 3L-NPC PV invertersEffectiveness of ZCMV PWMs on eliminating
CMV has beenrstudiedfirst, where deadime effectis thoroughly investigatedThe analysis
indicates CMV cannot be completelyuppressedith ZCMV PWMs due to thdnevitable dead
time effect The resultant CMV spikewill induce leakage current, which still requires a CM
choke to suppresdn this work, @& empirical evaluation approach has been proposed to
guantitively analyze the dediine effect on ZCMV PWMsAnN alternative deadime mitigaton
strategyis developedby usng DC neutralpoint connected LCL (NHRCL) filter. Snce there
always exists a differentimhode (DM) LCL filterin suchPV inverters the proposed method
does not introduce gnadditional passive filtering elementgo the systemCompared to the
conventional LCL filters, NR.CL providesbetterattenuatiorto high-order CM harmonicshus
can mitigate the deadtime effect. Effectiveness of the proposed method is verified by
experimentafesults.

However, onsideringZCMV will undermine the current qualityhich couldresult inlarger
DM filters, the impact of ZCMV on theverall filter size remainanknown.To investigate the
actual size of theresultantCM and DM filters, a comparative studys carried outbetween
ZCMV and the conventional PD PWM metlsodwo different filter types, LCL and NBCL,
are considered in this comparison, which leads to four combinations, i.e. 1) PD with LCL, 2) PD

with NP-LCL, 3) ZCMV with LCL, and 4) ZCMV with NFLCL. Both the DM and CM filters
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are considered, upon which the total fit@lumesare comparedlo ensure a fair comparison,
filter parameters areesignedunder the samé&ameworkthat in compiance with grid codes

IEC-62109 and IEEE154 Designand analysis have been verifiedVIATLAB simulation.

2.1. Analysis of deadtime effect in T-type 3L-NPC inverter

The original goafor ZCMV modulationis to achievenetfi z e r o oanddddwoid the use
of CM chokesFor threephase ftype 3L-NPC invertersas summarized in Table 1there exist
27 switching statewhich can produce different levels of CM®@nly the seven switching states
that producing zero CMMNPO], [NOP], [PON], [PNO], [OPN], [ONP], [OOCdresekctedfor
modulation. Theoretically, the CMV can be fully eliminated with ZCMV PWM. Fig. 2.1(a) and
Fig. 2.1(b) show the measured CMV of the camvonal PD andSVM-basedZCMV PWM
methods.Zero CMV is observedor ZCMV in Fig. 2.1(b),when the deatime has notbeen
implemented. However, that is not the case in the real applicatiere deadtime must be
i mpl emented in ordetrhrtoa ghpd e \pd oo imbirig. 2.6i(s),Ae ot
repeating CMV spikes with a magnitude ofs8 can be observed whedeadtime is
implemented in ZCMV.To better understanding CMV generated during the -tieasl a in-
depth investigatiorhas beerconductedin this section More details about thetudied SVM-

based ZCMV PWMnethodcan be found ifFig. 1.5
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CMV(V) - PD PWM

Time(s)

(a)

CMV(V) - ZCMV with No Dead-Time

0.1 0.12 0.14 0.16 0.18 0.2
Time(s)

(b)

CMV(V) - ZCMV with 3us Dead-Time

Time(s)

(c)

Fig. 21. Simulation results o€EMV measured froni0kW/400Vrms/60HZT-type 3L-NPC inverter
sampledat 9kHz when modulated with (a) conventional PBWM (b) SVM-based ZCMV PWM
appliedwith t* ideadtime (c) SVM-based ZCMV PWNappliedwith ¢* ideadtime.

2.1.1. Current commutation analysis

Deadtime is a very short mie periodto be implementedin the most PWM schemes

including ZCMW. The time delay isimplementedoetweenthe operation ofdifferent switching
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devicesto avoidthe fishootthroughd phenomenalLength of the deadtime Tpr depends orthe
deviceswitching cycleTs or the switching frequencysw. Different phaseoutput voltagecan be
produced during the dediine, whosemagnitudedepends on the current flow direction. For
example if one phase is switching from state [O] to state [P], zero output voltage will be
produced duringhe current commutatiomhenthe terminal current goes outbound as indicated
by blue in Fig.2.2(a). For the same switching action, if current flows inbound as plotted by red
in Fig. 2.2(a), the atput voltage will béV4d/2 during the deadime. Current commutation all

the other switching actions can be analyzed in the same wayshownin Fig. 2.2(b) to Fig.
2.2d).

Most importantly, CMV spikes will be produced duritigg deadtime, which is known as the
deadtime effect. Inthreephase Ttype 3L-NPC inverters, CMV spikes will be produced when
the two phases with opposite currfiotv are switched. Takingne switching cycle from sector
| for example Fig. 1.5, the output voltage is synthesised by three ved®@N] [OPN] and
[OO0]. CMV spikes will be produced whetihe actual output state changes from [OOQ] to
[PON], [PON] to [OPN], or [OPN] tdOOOQ]. As shown inFig. 2.3, there will be exactly one
CMV pulse generated in each switching cycle, whose polarity depends on the current flow
direction. The pulse duration equals to the length of the-tleedTpr. The amplitude equals to
the average ofhe threephase output voltage, whose magnitud¥q4g6 according to (1.1). As
shown in Fig. 2.1(c), CMV spikes are measured to be 116V which equals-sixtnef the DG

link voltage of 700V.
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Fig. 23. CMV spikes caused by dedithe in one switching cycléfrom Sector ) when modulated
with SVM-based ZCMV PWM.

2.1.2. Fourier analysis

Fourier analysis has been conducted to further investtbatdeadtime effect on ZCMV

PWMs. As shown in Fig. 2.4, CMV spikes can be approximated by multiplication of two
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periodic square waves. Since there is only one CMV spike generated in each switching cycle, the
CMV pulse wave can be first approximated by aqubc square wavé(t) without considering

its polarity. The first wavesft) reveals the frequency and amplitude of CMV spikes (frequency
for= 9kHz, amplitude ¥44/6). Pulse duration equals tioe length ofdeadtime Tpr. The second

wave fa(t) indicatesthe polarity of CMV spikes, which has 50% duty cycle repeating at three

times ofthefundamental frequendy (180Hz in this case).

+V /6
Si(@) |
% — fi=fo=9kHz
1
L0
- ; f2= 3= 180Hz
| Estimateﬂ CMY spikes caused by dead-time |
+Vaul6 5

J1@®) * fo(2) 0

-Vu/6

# of pulse = Sfer 1 3fq

Fig. 24. Estimation othe waveform ofCMV spikes caused by dedithe: Veu(t) a fi(t) x fa(t).

According to the convolution theorem, multiplication in time domain is equivalent to
convolution in frequency domain. Sinvewm(t) equals to the product of(t) andf.(t), frequency
domain Fourierexpressionof Vcu(h) can be obtained in (2.1) by performing convolution
multiplication of Fi(n) and F2(m), where * denote the convolution operation;denotes the
harmonic order of; at the fundamental d¢; n denotes harmonic ordersfefwith a fundamental

frequency of3fg; h denotes harmonic order Wewm based orig.
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Accordingly, hemagnitudeof Vem_zemv at different harmonic ordércan be derived in (2.2).
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Fromtheabove derivation, deatime effecton ZCMV PWMs becomequanttatively analyzable
Based on thanagnitudeof dominant CM harmonics estimated, th@nimal CM inductance

required to satisfy IE®2109 can be determinathen designing thEM filter.

CMV spectrums of a 10kwW/380Vrms/60Hztype 3L-NPC inverter modulated with ZCMV
PWM are shown in Fig2.5. The carrier frequency is 9kHbeadtime applied is 1% or 1.1ps.
One can see the dominant CM harmonics caused bytioleadippear at the multiple of carrier
frequeng for plus or minus threenies of the fundamental frequenfgyThe dominant sidebands
appear at the order 4bk+3 wherek= 1 , 2. Ti& é@mplitudeof CM components igstimated
by (2.2 accordingly.Simulation results aralso provided for verification By comparing the
analytical esultswith the practical resultpresentedn Fig. 2.5(a) discrepanies are observedt
the odd multiple othe carrier frequency (180 450" ) In the simulation resuff, low-order
sidebands at odd multiples (14447é¢ ) ar e t r lighcsrdee(158 e53%t) o causi ng
the amplitude of higlorder sidebands increased to 163%ach discrepancybetween the
analytical results and the practical residtsaused byocation variation of th&€MV spikes In
previous analysis, it was assumedi@&ic CMV pulses repeating at each sampling cylgldn
fact, as shown in Fig. 2.3here are three possible CMV pulse locations in eagtchingcycle,
which leads to the dominant odd sidebands shifting fromdaer side tahe high-order side

(e.g.from h=147 toh=153). Also note that the percentage discrepancy between the practical and
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analytical results are always less than #0#@ll ma. Thus, 200% calculatédem zcmv should be

selected for a conservative design of CM filters.
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Fig. 25. Harmonics spectrusof CMV caused by deatime when modulated witCMV PWM at
(&) fer = 9kHz, Tor=1%Ts, (b) for = 4.5kHz, Tor=1%Ts. For each case, analytical result is on the |

simulation result is on the right.

Above amalysis and estimation are applicable to tHex| inverter systems with different
carrier frequencies. By observing.?), the amplitude of CMV spike caused by d¢mde are
proportional toTpt/Ts. In other words, ifTpr always equals 1% ofs, amplitude of CMV caused
by deadtime will be irrelevant tahe carrier frequency. Back to previous study, if the carrier
frequency changsrom 9kHz to 4.5kHz with 1%or 2.2u9 deadtime applied, the amplitude of
dominant CMV compnents will not change. As shown in F&§5(b), dominant CM harmonics

appears at &3 wherek=1, 2, 3é, whose magnitud®®sokdzie i
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this study, i hasalsobeenfound thatthe magnitude o€MV caused by deatime is irrelevant to

the power factor.

2.2. Mitigation of the deadtime effectwith NP-LCL filter

It has been shown that detwahe effectis inevitable for ZCMV PWMsIn transformerless-T
type 3L-NPC PV invertersCMV spikes generatedt deadtime can causedanger leakage
currents,output waveform distortias) and fundamental voltage l@sg63, 64]. To compensate
the deadime effect,a modified PWM switching sequencieas beemroposedn [27]. However,
the switching losss found 50% higherthan conventiodaones which makes this method
undesirable especiallyfor PV invertess with efficiency as a key considerationTherefore,
passive CM filtersare still necessary for ZCMV PWM&ather than applying a fufize CM
filter, deadtime effect can be eliminatday other passive filtering option#n this sectionan
alternative solution has begmoposedby using DC neutralpoint connected LCL (NHRCL)
filters for deadtime mitigation[67]. With NP-LCL, CM harmonics caused by detaiche can be
eliminatedwithout introducing extra passive filtering elementesignand implementatiorof
the NRLCL are detailed firstwhere the performance oNP-LCL has beencomparedto
conventional LCLconsideringooth DM and CM performancesEfficacy of the proposed method

is verified by experimental results obtained frotalascaleDSP-based3L-NPC platform

2.2.1. Conventional LCL vs.NP-LCL filter s

As the most preferable passib/ filtering solutions,conventional LCL filtercan be found
in mostof thethreephase strindg®V inverters §5, 66]. For inverters adoptedonventional LCL

filters, CM chokes ar@isuallyrequired to suppress the leakage cuseatised by deatime. It
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is found in studies tha¥iP-LCL filter is another DM filtering optionwhich can provideextra
leakage current suppression capability no extra costNP-LCL can be implemented by

connecting fil tpeai ncta ptaoc itthoer sidn wneerutterrads DC mi d ¢

To compare thkse two filtering solutions,DM performance is considered first sintiee
primary goal ofthesefilters is to eliminatethe high-frequencyDM harmonis. As shown in Fig.
2.6,NP-LCL shares the same DM equivalent cirauith conventional LCL The DM harmonis
attenuation ratéttom can bederivedaccordinglyin (2.3), whereL; denotes the inverteside

filter inductanceLg denotes the grigdide filter inductane; Cr denotes the filter capacitance.

500 (2.3)

: RL(mrl % IpMm

Vieoar

Fig. 26. DM equivalent circuit otheconventional LCLor NP-LCL filters

ConsideringCM on the other hananly onethird of the DM filter inductancappeas in the
CM loop. CM equivalent circuit of LCland NRLCL filter can be found in Fig2.7(a) and Fig.
2.7(b) Comparedto the conventional LCL, NALCL has better CM harmonics suppression
capability because majority of the leakage curteatvill be bypassed through the neutpalint
connected capacitor. The leakage current division tagiolcm depends on the CM impedance
ratio of Zacs: Zigi+cg. High-frequency CM harmonics will see lower impedanceZgd at the

shunt capacitive branch, thus getggssedrom the output pathAs will be shown, Hectiveness
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of the NP-LCL on suppressindeakage current has been verified byudation and experimeat

results

L/3 L3
e Y Y Y Y Y Y
g RL(md/3
Viav ) SR
~C —
4
(a) LCL
L3  LJ3

3 Cf g Riowi’3
am T Lo
)

1 ‘/-\Cg —

<

(b) NP-LCL

Fig. 2.7. CM equivalent circuit ofa) conventional LCL filter (b) NRLCL filter.

In addition, it is better to insert CM chokes to grid side as long as the uncoupled DM
inductors are adoptad NP-LCL. As shown in Fig. 4, suchdesignhas beenvidely adopted in
multi-stage output filtersg8] because the size of CM choke can be furtbduced when moved
from inverter side tahe grid side. To preventhe potential oscillations between two neutral
points, CM choke should be designed to ensure that resonance frequency is different from the
triplet multiples of fundamental frequencé. damping resistoRnc can be inserted in between
the inverter midpoint and filter neutral poiiat provide necessary dampif@g]. CM attenuation
rate of conventional LClAttcmcr) and NRLCL filter AttcmineLcr arederived in 2.4) and @.5)

respectivelywherethe optional CM chokandRnc are not included in the derivation
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0600 (2.4)

000 (2.5)

To evaluatethe CM performance dNP-LCL filters, simulatiors areperformedwith LCL
and NRLCL filters that sharing the same filter parameterscaf | Jut &¥¢® i. Frequency
domain responses of LCL and NIEL are plotted in Fig2.8. One can see, NECL can provide
better attenuation to higbrder CM harmonics than conventional LQtith the samefilter
parametersFor example, if the carrier frequency iskBlz, NRLCL can provided 145.6iB

larger attenuation to dominant CM harmonic than with conventional LCL filter.
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Fig. 28. Commonmode fequencydomainresponse ofhe conventional LCL filter grangg and NP
LCL filter (blue) with the same filter paramterso® | fu gXc® [H.

From above analysis, one can seeINMR. hasbetter CM performance than conventional

LCL, which can be applied tceliminate deadime effect on ZGAV PWMs. The size of CM

28



chokecan bereduced in an effectively way since the dominant fogier CM harmonics get
well attenuatedExperimental results will be presented in the next subsection for verificAson.
will be shown later, no CM choke is recedr if ZCMV PWM is combined with an optimal
designed NR.CL filter to comply with IEEE1547 and IE&2109 With the proposed deatne
mitigation strategy,system power densityis improved at no extra cost while the system

reliability gets enhanced

2.2.2. Experimental verification

To verify the effectiveness ahe proposedieadtime mitigationstrategy,1kW experiments
have been performedn a lab-scale grid-connected 3iNPC platform The expermental
prototypecan be foundn Fig. 2.9. In this design, power frorm 140V DC supplyis injected into
80Vims AC grid through the inverterPower controllers andZCMV PWM strategy are
implemented in DSP TMS320F2833bhe sampling frequency is 9kHaith 3us deadime
implementd for both methodsA 0.15uF grounding capacitor is insertad between AC
grounding pointand inverteDC neutratpoint, which representing the worstase scenariwith
the largest leakage currentwo filtering options conwentional LCL and NR.CL, are
consideredin this designwith the samefilter parametersadopted:0.8mH (L) / 15( & (Cy) /
0.8mH (Lg). With uncoupledinductorsapplied onethird of the filter inductance is naturally

applied in the CM loop. Thus, rextra CM choke has been applied in this setup.
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Fig. 29. Experiment setupnd hardware prototype.

Fig. 2.10 showghe experimental resudtof ZCMV PWM with a conventional LCL filter
adoptedWi t h 3 dime appéed,dCMV spikes witla peak of 23.3V are observed which
causes 63.81A leakage current in RM%requency domain analysis indicatbe dominant CM
harmonic appears 4539 orderwith a magnitudeof 0.13A. Considering DM sidebandsnly
0.22% DM harmonis appear ail51 order. The magnitudés less than the maximugrid code
allowance of 0.3%as specifiedin IEEE1547.With the NP-LCL design adoptedhe dominant
CM harmonics afl53Y order getwell attenuatedo below 0.01% As shown in Fig. 2.11, clean
output current waveformareobservedvhen the leakage current is reducgownto 12.9 mAin
RMS. As will be shown in the next sectioli5C-62019 can be satisfied withotdquiringextra
CM chokewhen NRLCL is combined with ZMV. The experimental results agree witie

analysis which indicateNP-LCL filter can providethe desirable DM performance ardbetter
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CM performancen the transformerless -Type 3L-NPC string PV invertex Effectiveness of the

proposed deatime mitigation strategis verified.
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Fig. 210. Experimental waveforms &dCMV PWM with conventionaLCL: phase A output curren
Ia (10A/div), phase A grid voltag¥ac (100V/div), CM currenticm (5A/div). Harmonic spectrum of
output currenta (% of rated)and measured CM curreldi (A).
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Fig. 211 Experimental waveforms aZCMV PWM with NP-LCL: phase A output currenka
(10A/div), phaseA grid voltage Vac (100V/div), CM currentlcm (5A/div). Harmonic spectrum of
output currenta (% of rated)and measured CM curreldii (A).

2.3. Impact of ZCMV PWM on output filter volume

As shown in the previous analysipassive otput filters areessentialto transformerless
string or multistring PV inverters DM output filters are designed to mitigate DM harmonics,
while CM filters areimplemented taleal with CM harmonicsThe filter parameters need to be
carefullydesignedo satisfy the grid codelEEE1547 and IE€2109.0n the other hand, ZCMV

PWM is proposed to reduce the CMV effects and to sdalen the size of CM filtersVith the
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proposed deatime mitigation strategy applied, size of CM filters can be further reduced.
However,the DM output quality is undermined which will result in larger DM filters. As most of
the existing/ongoingresearchfocusedon how to reduceghe CMV effect or the size ofCM
filters, the real impact of the ZCMV PWM on the totaitputfilter volume (DM + CM) has not
yetbeeninvestigatedn the transformerless PV inverters

In order toevaluatethe resultant filter volume of ZCMV PWMa comparative stugd has
beencarried outbetweerthe conventioal PD and ZCMV PWM method$or eithermodulation
methods two DM filtering optionscan be selectedle. the conventional LCL and neutrgloint
connected LCL (NR.CL) filter, which resulsin four designs1) PD with LCL, 2) PD with NP
LCL, 3) ZCMV with LCL, and 4) ZCMV with NPLCL. In thiswork, different power ratings are
considered wherstudes are conductedon a 10kW anda 100kW threephase Ttype 3L-NPC
inverter systermm for analysis An applicable filter parametedesign procedure has been
developedwhich makes it possible to fairly compare the resultant fdiee of different cases
With output filter parametergroperly designed under the safnameworkfor all the cases
volume of the resultant filterss estimatedand compare@ccordingly The studyindicatesDM
filter dominants the total filter volume in the studied PV inverter syst&me.of the CM choke
can be minimized with ZCMV PWNbut at the cost obignificantlarger DM filters. The total
filter volume for ZCMV PWM is at least b times larger than PD which reveals the PV
i nv e rower dedisstycapnot be improved with ZCMV PWMII the desigrs and analysisre

verified by MATLAB simulation which will be presented in this section

2.3.1. Filter parameters designprocedure

In this study two filtering options,LCL andNP-LCL, areconsideredvhen modulated with

PD and ZCMV PWMmethod. To fairly compare the resultant filter size of two PWM methods,
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acommonfilter parameter desigimameworkhas been developgdhich takes both the CM and
DM performances into consideration
1) Inverter-side filter inductance
The inverterside inductancé.; can be determined first based on theximum output
current ripple allowance. Commonly, the pgaipeak current ripple should fall in the range
between 20% to 50% afs ratedvalue For T-type 3L-NPC inverters modulated with PD
PWM, the minimum inverteside inductance can be calculated by (2.6), wbgsedenotes
the peak value of maximum allowable ripple. The derivation is basdteorolt-seconds

balancdaw presented in70].

0 — (2.6)
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Fig. 212. Inductor voltagé/.a and current., waveforms (phase A) of 3NPC inverter with
ZCMV PWM.
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For T-type 3L-NPC modulated with ZCMV PWM, invertaide inductance can also be
derived from its maximumolt-second. As shown in Fig. 2.12, largest ripple current will be
produced in phase A if dwelime T of [OPN] is zero. At the monumenky andT: equal to
T42, where the average capacitor voltage equalel. From therethe minimuminverter

side inductance; for ZCMV method can be derived in (2.7).

0 — 2.7)

2) Filter capacitance

In this design, relatively large filter capacitanceprsferablein NP-LCL filter because
larger capacitance can create a CM loop with lower impedarogasshe leakage current
andto reduce the size of CM choke. Therefore, maximum allowable filter capacitance should
be selected in this design. To avoid low power factor and over 5% of reactive power loss,

filter capacitance should be less than the boundary vpeefied in (2.8).

5 — (2.8)

Note that there is a traddf between filter inductance and capacitance. When filter
capacitance is selected at its upper boundary, mininmalorctance is required to achieve

desired attenuation to DM harmonics.

3) Grid-side filter inductance

To comply with grid code of IEEE1547, specific amount of DM filter inductance is
required to achieve certain attenuation to DM harmonics. Indésgn, the worstase
scenario specified in Table 2.1 has been considered whehegh-order harmonics (above

35" orded should beeliminated to belowd.3% of its rated. Sinctae largesDM harmonics
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appearnear carrier frequencyfer and its multiples, harmonics above™®6rder can be

eliminated as long as the dominant sidebarfdgdt properly attenuate6§.

Table 2.1. Current Harmonic Limits Specifidoy IEEE1547

Maximum odd harmonics current percentage of rated output current

Individual . . . . - THD with
odd order hoO1 11<hO 17<hO 23<hO 350l N
. hO50
harmonics
% 4.0 2.0 15 0.6 0.3 5.0

Desired DM attenuation rat&ttom_reqcan be calculateth (2.9), wherelieeeis47 denotes the
high-order harmonis target which is 0.3% of base currelt, denotes the magnitude of the
DM harmonic voltage at lower sideband.

oo @ —— (2.9
With Li andCs determined from previous stepbge grid-side inductancéy can be obtained
by solving @.3) at frequenyg fn. Since LCL or NFLCL filters provides 60 dB/dec attenuation
to high-order DMharmonicsthe value ot 4 can be approximated wit2.(L0 by ignoringthe

low-order terms.

O (2.10

Damping might be required to deal with potential resonance. Oscillations caused by LCL or
NP-LCL filters can be prevented with various damping teghes such as passive damping
methodqd 70] or adive dampingmethodd71, 73.
From above threstep designprocedure DM filter parameters for different scenarios can be
determined, while the impact of different modulation methods on filter volume can be fairly
compared.DesiredDM performance can be achievadich satisfyinglEEE1547.The output

current ripplewill be within the allowance In additions,Jeakage current can be well suppressed
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with NP-LCL which can leado a smallerCM choke.From there a fair comparisonof the

resultant filter volumean be performed betwe®D and ZCMV PWM methods.

2.3.2. Comparison of the resultant filter volume

To investigate theampact of ZCMV PWM ontotal filter volume, comparative stydis
carried outbetween the convention PD and ZCMV PWM methddso filtering options are
considered which leads to fodesigns: 1) PD with LCL, 2) PD with NECL, 3) ZCMV with
LCL, and 4) ZCMV with NPLCL. Theresulantfilter volume of PD and ZCMV are estimated
and comparedSincethe focus of this study ison practical string or multistring PV inverters
rated below 100kW, two sebf the comparison are performed 10kW and 100kWtasesThe

system parameters are specified in Table 2.2.

Table 2.2. Electrical $ecifications ofa Grid-Tied ThreePhase TType 3L-NPC PV
Inverter System

Symbol  Electrical Parameter Design Value

® Line-to-line main RMS voltage oya pmth

W Nominal DGlink voltage XTa pTmb

Q Carrierfrequency wQ0a

Q Grid fundamental frequency @ TIOQ

0 Rated active power from DC to AC pTT QO Tp TMQ®
‘O Rated output current in RMS p& 0 Tpu#od

0 Ground capacitance of a Bystem p® * OFfp &t * O

Output filters are designed based on the sdilter parameterdesign criteria Filter
parameters are determined through the procedure developed in Sectio@faifly compare
the resultant filter size of two PWMsjaximum of20% outputcurrent ripple areallowed in all
the designs. DM filter parameters are summarized in Ta8eTo better suppress the leakage
current, relatively large filter capacitance (5% of based capacitance) is chosen for both

modulation schemed-or filter inductance, ZCMV requires larger DM inductanbecause
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portion of the CM harmonics are transferred into DM causing larger DM distoftmachieve

the desired DM attenuation with ZCMV, filter inductance required in case 3) and 4) is 1.7 times
larger than with PD in case 1) and Bffectivenessof the output filters designed for this
comparative study has beerrified by MATLAB simulatian, which is detailed in the next

subsection

Table 2.3. ParametexSelectionfor LCL & NP-LCL Filters

Designed for a 10 kW PV Inverer

. PD PWM ZCMV PWM
Symbol Electrical Parameter (case 1, case 2) (case 3, case 4)
Li Inverterside inductance 1.5 mH 2.3 mH
Ly Grid-side inductance 0.6 mH 1.2 mH
G Filter capacitance 9.2 ¢F 9.2 ¢F

Designed for a 100 kW PV Inverter

. PD PWM ZCMV PWM
Symbol Electrical Parameter (case 1. case 2) (case 3, case 4)
Li Inverterside inductance  0.15 mH 0.23 mH
Ly Grid-side inductance 0.06 mH 0.12 mH
G Filter capacitance 91.8 e¢F 91.8 ¢F

To better analyze the size differenceof filter inducbrs, it is necessary to study the
relationship betwee®M filter inductance andther core volume. Note that inductor volume
can be estimated with the box volume of its magnetic core. In this stigBlyvapplied Gtype
core is selected fastudy. Area productd, (in cnt) is an important factoin design of theDM
inductos, whereA, is the product of the available window ané& (in cn?) and the effective
crosssection ared (in cn). According to its definitionAy is proportional to the fourth power
of core linear dimensioh(in cm). Since the core box volunv®l (in cn?) is proportional td?,
relationship between core volume amdaaproduct can be obtainas

WEB e o 8 (2.11)

At the same time, core volume is determined by how much energy it can handle. According to

[73], energy handling capability of a core is relhto its area produét,. This relationship can
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be described by2(12), whereBn is the flux density in Teslaky denotes window utilization

factor (which is 0.4 in most casek);denotes the current density efficiency.
0 —— 8% pmiQ -00 (2.12

Core energy is represented By(in J), whereln, is the peak current through inductarjs the
desired inductance in H. Assumg is constant, there is a positive correlation between DM
inductance and core volume as describe@ b3

wEé o e (2.13
Back to the previous comparative study, ZCMV requires 1.7 timgerlddM inductance than
PD method at 10kW or 100kW, which will result in 1.6 times larger core volume according to
(2.13. In other words, ZCMWvill lead to significantly larger DM filters string PV inverters
which can potentially increase the total gias filter volume.

Although DM filter is the domiant factor, CM choke should also be considered when
comparing the total filter volume. CM inductance can be designed based on the CM equivalent
circuit derived in Fig.2.7. To eliminate the leakage curteim below 300mA &s specified in
IEC-62109), CM inductance required can be calculatéth the amplitude of dominant high
order CMV components estimated in Sectibh2 CM inductance selectedfor each case are
presented in Tabl@.4. Sincemajority of the leakage currerdan besupressedvith NP-LCL
filter, size ofthe CM choke can be significantly reducéu case 2) and 4). Considering the
resultantoutputfilter volume, CM choke becomes less comparable with DM filter. Although size
of CM choke can béurther reduced with ZCMV PWMasin case 4), at least 1.6 times larger
DM inductoss will be requiredhan PD whichwill result in a larger total filter volume. Among
all the designs, total filter volume can be minimized with & NP-LCL in case 2), beause

PD requires smaller DM filter while NPCL leads to a smaller CM choke.
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To further investigate the impact of ZCMV PWM on filter volume, total filter volame
(DM+CM) are estimatedand comparedbased on themagnetic core selections. In this
comparison,only inductive filters are considered because capacitor volumes are identical at
certain power rating Different core are selected to achievéhe desired CM and DM
inductance. The total inductor volumaree st i mat ed by the sunforof t he
each caseln this study, a widely applied industrial Core Design and Select Tool developed by
Hitachi [74] is referredwhenmaking the core selection. Toroidal core made with nanocrystalline
material is selected for CM inductor while irbased amorpius Gtype core is chosen for DM
inductors. Total core volume (CM+DM) can be easily estimated according to the core selections.
Core selections and volume estimation for all studied cases are summarized 2.4 dhlease
2) and 4), NFLCL filter resuls in a smaller CM choke compared ¢ases withconventional
LCL filter. CM inductor can be further reduced with ZCMV PWM in case 4), however results in
larger total filter volume. Taking cases 2) and 4) akW\0for example size of the CM filter is
reduced from 6.2m° to zero by applying ZCMV PWM; however, the core size of DM inductors
increase from 822.6m° to 1277.7cn? causing the total inductor volume increased from 829.1
cmto 1277.7cn.

According toabovecorevolume analysis, DM filter dminakesthe total filter volume for the
studiedstring PV invertes. At 10 kW, ZCMV method results in 1.54 times larger output filter
than with PD, which shows good accordance with analytical eesdltl.6 times. Similar
conclusions can be drawn from 1K/ designs, where the total core volume of ZCMV method
is abouttwice larger than PD. Above comparative study indicates ZCMV P¥dN minimize
the size of CM choke but at the cost of a larger DM filter, which will cause the overall filter

volume to increase
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Table 2.4. Core Selectionand Volume Comparison of the Inductive CM & DM Filters

Power Rating = 10kW DM Inductor Core Design CM Inductor Core Design Total Core

Core Box Core Box Volume for

# Ei\(:/e,\I{lT,\)A/StehSOds & I(‘r;ﬁ)l‘g Core Type Volume I(_r;hlﬂ-l) Core Type  Volume 10kwW |3395i9n
(cm?) (cm?) (cm’)

1) PD+LCL Li=15 AMCCS80 212.2 6.0 F1AHO0048 10.4 833.3

2) PD+NPLCL Lg=0.6  AMCC26S 62.1 05  F1AH0047 6.2 829.1

3) ZCMV+LCL Li=23 AMCC125 266.8 0.1 F1AHO047 6.2 1283.9

4) ZCMV+NP-LCL Lg=12  AMCC63 159.1 00 NA NA 1277.7

Power Rating = 100kW DM Inductor Core Design CM Inductor Core Design Total Core
Core Box Core Box Volume for

# Ei\l/;/e'\:l'll'\gzg]s?ds & I(‘rini")l‘g Core Type Volume I(‘ni'\ﬁ') Core Type  Volume 100kW Design
(cm) (cn) (cm)

1) PD+LCL Li=0.15 AMCC800B  1317.5 7.0 F1AH0023  725.8 5996.2

2) PD+NRLCL Lg=0.06 AMCC367S  439.3 1.8  F1AH0052  270.4 5540.8

3) ZCMV+LCL Li=0.23 AMCC664 2468.7 0.6 F1AHO0019 102.4 11461.0

4) ZCMV+NP-LCL Lg=0.12 AMCC800B  1317.5 00 NA NA 11358.6

* Core selection criterifg4]: fundamental frequency 60Hz (DM inductors) / 9 kHz (CM inductors), nominal RMS current 1
and151.8A, ambient temperature®5 maximum operation temperature 33Pmaximum fluxl Tesla, window fill factor 0.4,
current density factor 800A/cn

2.3.3. Simulation verification

To verify the filter design and previous analysis, simulations have been performed on the
four casesstudied i.e. 1) PD with LCL, 2) PD with NlRCL, 3) ZCMV with LCL, and 4)
ZCMV with NP-LCL. The gridtied transformerless-fype 3L-NPC string PV invertesystem in
Fig. 1.4 is modeleth MATLAB Simulink. Simulationparameters are specified in Table 2r2.
this design, active power is transferred from-& to AC grid through the studied-fype 3L-

NPC inverterSimulation tests are conducted on PV invesiestems rated at 10 kW and 100 kW
respectivelyTo makefair comparison,3 ¢ s -tindegamedpplied to allcases. The worsiase
scenarias simulatedby selecting thé’V leakage capacitan€® (501 150 nF/kW) at its upper
boundary 85], which will result in the largest leakage currenss.proportional 2ro-sequence
current controllers implemented to eliminate the learder CM harmonics, while CM filters are

designed to attenuate the higider CM harmonicsn orderto comply with IEG62019 DM
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filters are designed to eliminate the inversae current ripple to below 20&mdto comply with

IEEE1547 Filter parameters are adopted from the comparative steidyled in Table 2.3.

At power rating of 10kW, desired DM performances haeerbachieved in all théour
designs. Frequency domain analysis indicates the dominanbtdgh DM harmonics are less
than 0.3%, which complwith IEEE1547. Fig2.13and Fig.2.14 are simulation results of case
1) and case 2) respectiveishen modulateavith PD PWM. Thregohase output currents and CM
harmonics are measured. Dominant CM harmisiabserved at 180order whose magnitude
depends on the type of output filter. With conventional LCL filter, 3A5leakage current is
measured, which requires6 mH CM choke to eliminate it to below 300A to comply with
IEC-62109. With NPLCL filter, only 0.5mH CM choke is required to achieve the safid
performanceFig. 2.15and Fig.2.16 provide the simulation results of case 3) and case 4) where
SVM-based ZCMV method is adopted. Considetimg impact ofdeadtime, 0.1mH CM choke
is requiredfor case 3Wwhen conventional LCL filter is adopted. With NIEL filter, CM choke

can be eliminad since the leakage current is only 52 mA (< 300 mA) in RMS. With ZCMV
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Fig. 213. Simulation results of case 1) at 10kW: invet&te currentin, grid-side output currerby,
and leakage curreh¢ém. Harmonic spectrum of phase A output current lit€E1547 standard (red)
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10kW Case 2) PD+NP-LCL
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Fig. 214. Simulation results of case 2) at 10kW: invedigle currentiny, grid-side output currery,
and leakage currehdém. Harmonic spectrum of phase A output current and IEEE1547 standard (r
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modulation, size of CM choke is significantly reduced but at the cost6dimes larger DM
inductors which is undesirable.

To better investigate the performance of differencégdesat higher power ratisgidentical
studiesare conducted on string PV inverter rated at 100kW. With DM filters and CM chokes
redesigned, similar simulation results are obtained in Fig. 2.17 to Fig. 2.20. IEEE $54%fied
in all cases since higbrder DM harmonics are less than 0.3%. CM chakeproperlydesigned
to comply with IEG62109. Ithas beerfound that larger leakage currents are produced at 100
kW, which result in slightly larger CM filters than the kWBV cases. In addition, ten times
smaller DM inductances are required at higher power ratings according to the design. Comparing
the four 100kW cases, ZCMV with NIECL filter provides the best leakage current suppression,
which requires the smallest CM choke but with a larger DM filteteFdesignare validated by
simulation results, which indicates ZCMV modulatican lead to larger output filtethan PD

PWM in transformerless string PV inverters.
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Fig. 217. Simulation results of case &j 100kW: inverterside currentin, grid-side output current
lous, @and leakage curretgm. Harmonic spectrum of phase A current d88E1547 standard (red)
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100kW Case 2) PD+NP-LCL
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Fig. 218. Simulation results of cas® at 1®@kW: inverterside currentin, grid-side output current
louy, @and leakage curretgm. Harmonic spectrum of phase A current d8BE1547 standard (red)
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2.4. Summary

This chapter presents eomprehensive evaluation of ZCMModulationin transformerless
T-type 3L-NPC PV inverters The study focuses on two aspects, i.e. dedithe effect and
resultant filter volume.lmpact of @adtime has been thoroughly investigatédst, which
indicates CMVspikescaused by deatime areinevitableto ZCMV PWMs CM filter will be
required to mitigate the deatime effectwhen modulaté with ZCMV PWMs. An alternative
deadtime mitigation strateghas beemproposedy usingDC neutralpoint connected LCL (NP
LCL) filter. The analysis indicatedP-LCL has better CM performandkanconventional LCL
filter, which can be applied to mitigatee deadtime effect. The proposed method is easy to
implement in PV inverters without introduciegtra passive filtering elements

To investigate the actuampact of ZCMV PWM onthe total output filter volume,
comparative studies are conducted on four designs i.e. 1) PD with LCL, 2) PD witGINR)
ZCMV with LCL, and 4) ZCMV with NPLCL. The resultant filtewolumeshave been fairly
compared, which indicates the total filter volume of ZCMVaiggker than PD. Size of CM choke
can be reduced with ZCMV but at the cost of larger DM filterthe studied caseZCMV
results in at least 1.5 times larger total filter voluitmen PD On the other hand, leakage currents
are well controlled by NR.CL fil ters at various power ratings when combined with either PWM
method. Considering deatime effect and larger DM filter requirement, ZCMV PWM method
becomes less applicable in transformerless stimgultistring PV invertersrated from 10kW to
100kW, whee DM inductor dominast the overalffilter volume. Designand analysis of the

proposed study have been verified by simulatind experimentaksults.
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Chapter 3  Interleaved Carrier-Based
MPC for Modular Parallel VS Is

As discussed in the la€thapterCMV effects can be reduced with ZCMV PVgMut at the
cost of larger DM filtes. In fact, CM filters are still requiredor ZCMV due to the inevitable
deadtime effect. Even wittanoptimal designedNP-LCL filter, the total filter volume of ZCMV
is still significantly larger than the conventional PWM methqgdwhich makesZCMV PWM
methods less applicablalternatives are explored, among which, the interled®VM has been
found as an effective wayto reduceCMV effectsin central or multistring PV inverteraith
multiparalleed VSIs. However, as introduced in Chapter 1, {nequency (LF) zersequence
circulating current (ZSCG identified asthe major challengdor such systemsawhich requires
to be properly addresge

In this chapter, @entralized carriebased model predictive contretheme(CB-MPC) has
beenproposedo achieve fulleliminaion of LF-ZSCCin modular paralleNSls. The proposed
method is a centralized MPCcleme that adopting carriersto realize interleaved PWM
Compared to the existing MPiaased ZS control schemi-62], CB-MPC is more applicable
and more flexiblewhich can be implemented either in a dedicate central controller or in each
c 0 n v e localeantéoles. In this study,2L-VSI has been selected flustration where he
proposed method is also applicablertodularparallel multilevel VSidor LF-ZSCC cotrol. A
generalized ZSCC model has been derived, which allows the proposed method to be ajplied to
modular paralleNMSls. Output powercan beindividually controlled for eactnverter module.
LF-ZSCC caused byhardware parameters mismatch and unequal power sharing are fully

eliminated, whichenableghe interleaved PWM to be implementéa reducethe CMV effects
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Design andimplementation of the proposedethodare detailedin this chapter Simulation and

expermentl resultsare provided fowerification of theproposed method.

3.1. Modeling of N modular paralleled 2L-VSIs

As MPC requiresan accurate system modehis section presents an average output current
model for induvialVSI module followed by a generalized ZSCC modekerived for the whole
system 2L-VSI has been selected as an example for illusttaiopology of the studiedN-
parallebd 2L-VSI systemcan be foundn Fig. 1.6. The nverter modulesare attachedo a
common DGClink anddirectly paralleled at AC sideSince this isa simplified illustration of the
modular parallel VSI systesnline resistances ignoredwherethefilter inductanceas considered

asthe dominantactorfor modeling

3.1.1. Averageoutput current model

Continuoustime currentmodel of thg™ inverter {=1,2 éN) has been deriveia (3.1), where
Lj denotes the filter inductances, W, V¢ denoteinverter output voltage under thrpbase
stationary coordinatéy;, ibj, icj denotethe inverter output currentyao, Veo, andvco denote the
AC grid voltage;wnp is the neutrapoint voltage of théAC grid. The negative pole of DGnk

has been takess the reference poifar this derivation

Q 0 0 0
-0 -0 -0 0 (3.1)
0 0 0 V)

Clark transformations applied totransfer the average modebm the thregphase stationary
frame into twephase synchronous stationary coordinate. The mathematic model j&f 2he

VS| modulehas beemnlerived as
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S, — (32)

3.1.2. Generalizedzero-sequence circulating currentmodel

In multiparallel inverter systems,SCC can be producediue to unevenzercsequence
voltages generatedat each moduleResearchin [53-56] indicates either circuit parameters
mismatch ormodule poweroutput mismatchcan cause thenverter modules to produce
difference levels of zerosequence voltagethus resuls in LF-ZSCC. In this section, a
generalized ZSCC model has beksmnivedto modelZSCC amondN parallelednverters

System in Fig. 16 can be simplified by only consideringerosequencecomponents.
Equivalentzerosequenceircuit diagramcan be found irFig. 3.1, where/,sj denoteshe zero
sequence voltaggenerated byhe " invertermodule izsj denotes ZSC®f the j™ module; em;
denotes the CM harmonics injection the j™ modulewhich isimplemented to improvéhe DC
voltage utilizationrate by 15%. Phase and amplitude dhe CM harmonics injection mainly

depend on the original modulation sigsfar each inverter module.
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Fig. 31. Equivalent zeresequence circuit diagram Nfparalleled 2EVSI modules.
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Superposition Theorem indicates ZSCC measured from one medyligs, always equals to
the sum ofN components produced from all the ZS source. As shown in FigZSQ@C circuit
diagram of thg™ module can belecomposednto N independent circuitsTotal circulating

currentseen bythej module can be representey(3.3).
Q Q (3.3

From the KCL, ZSCC components;sxj contributedfrom the modulex can be derived in (3.4),

wherex= 1 , N.ZH#ter inductanced are assumetb beidenticalfor convenience of analysis.

The total equivalent inductanée equals- ——.

0 _ (3.9

0b— — 0 6 - (3.5

The above derivatiomdicatesthe magnitude oZSCCis determinedby DC-ink voltage, filter
inductance,CM harmonicsinjection, and ZS compensat®mf all modules.The proposed

generalize SCC modules validaied by simulationasdetailedin the next subsection

Vap

Fig. 32. Analysis of Z&C on thg'" invertermoduleusingSuperposition Theorem
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3.1.3. Validation of the ZSCC model

To validate the generalized ZSCC model derived in Section 3.1.2, simuta8ts are
conducted owlifferentmultiparallel 2L-VSI systemsZSCCis first estimatedy using the model
derived in (3.5) and then compared with the simulation resulise systemin Fig. 16 is
simulatedin MATLAB Simulink for different operating conditions.e. with even or uneven
power sharing, andsingdifferent module numbers, i.B=3 orN=6.

In the first test, six inverter modules (N=&)e parallel connecteat DC side Eachmodule
producesa ratedoutput power of 20kWn the first 0.02sInverter #1 is shutdown at t=0.02s,
causing 100% power mismatdburing thetest, ZSCC has not been controlled. As shown in Fig.
3.3 only HF-ZSCC are measured before t=0.025:ZSCC can be obsergiafter inverter #1 is
switched off Seious LFZSCCis measured fronthe inverter#1 with an amplitude of 16A. To
validate the proposed ZSCC modide measuredralue of ZSCCizs mis compared with thie
estimated valués_estoy usingthe proposed modeFrom thezoomed waveforms in Fig. 3.8ne

can sedhe estimded valus of ZSCCcloselymatchwith ther practical valus under botheven
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Fig. 33. Validation of the generalized ZSCC model in six paralleleeV3als: measure&SCCizsm
(plotted with red/orange solitines) vs. estimated ZSCC using the proposed ZSCC misdel:
(plotted with black das#d lineg. The plot is zoomedt t=0.02s when inverter #&hutdown

50



(t=0.01s- 0.02s) and uneven even{0.01s- 0.02s) power sharing conditions.

In the second testhree inverter modules (N=3) are parallel connegtéd rated outpubf
20kW. Again, module #1 is shutdown at t=0.02s causing 100% power mismatch. Dhaing t
secondtest, LFZSCC o module #1 and #3 ka not been controlled. To better validate the
proposed ZSCC model, inverter #2 is controlled to generate a 1dASKE with an order of
zero.According tothe simulation results in Fig. 3.4, zesoder ZSCC qn inverter #2 are well
regulated to 10A during éhtest. Thirdorder ZSCC can be observed on inverter #1 and #3 after
t=0.02s due to uneven power sharing. From zoorRigd3.4, the estimaéd valueof ZSCCizs_est.
using the proposed mad matchesthe practical measuremestizs m under all operating

condtions. The discrepancies caused by negligible loss and samplingagelaynor and within

acceptance
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Fig. 34. Validation of the generalized ZSCC modelthree paralleled 2EVSIs: measuredZSCC
from three inverter moduldss m(plotted with red/orange soliihes) vs. estimated ZSCC using tt
proposed ZSCC modéls_est.(plotted with black dasdd line3. The plot is zoomeat t=0.02s when
inverter # isshutdown
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According to above analysithe generalized ZSCC derived in this seci®walidated under
different operation conditions and with different module numbers. This mathematical model can

be appliedo design of thenodelbased_F-ZSCCcontrolles.

3.2. Interleaved CB-MPC for LF-ZSCC elimination

To achieveinterleatng and CMV reductionn multiparallel VSI systems this section
proposeda novelcentralized control schem&hich can suppresd.F-ZSCC at any operating
conditions Namedas carrietbased model predictive control (€BPC), carriers andmodule
predictive controllerare employed in the proposed method. Benefits of MPC (e.g.-multi
objective control and fast dynamic response) and interleaving (e.g. filter size reduction and
possible resonatitee design) can be combined to yidldther performance improvements
Leveraged wh the generalized ZSCC modekrived in Section 3.12roposed methodan be
appliedto multiparallekedinverter systemwith any number of invertenodule

Details of theproposed control schenoan be found in Fig. 3.3n CB-MPC, herearetwo
control layers. The outer layer & centralzed model predictive contrtdr, which takes all the
currentvoltage measuremen@nd generatesthe optimal modulation signal masc;j for each
module. Fast dynamic responsean be achieveaith modulated MPC [76]Detailed design
stepsinclude current prediction, cost function establish, and cost function optimizatioich
will be presented in this sectiohhe inner layer feates the localized carridrased PWM CB-
PWM) for gatingcontrol. Desired interleaving angle ¢f1)/N*360° can berealized in the same
way asin synchronizing where phasshift is set for each carrighrougheither DPS or FPGA.
With such design,hie devics switching frequenies can befixed at carrier frequengywhile

highersampling frequencgan be selectefbr better control performand&7].
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Fig. 35. Control scheme of the proposed centralizedMBC implemented in the centralized cor
architecture

3.2.1. Current modeling & prediction

The first stepof designng a centralized CBMPC controlleris to predict the wtput currerd

and ZSCCfor each inverter modul&romtheEu | er 6 s F or wa rthdorefmyeneo X i ma t

current at the next sampling instagk+1) can be predicted from theurrentmeasuremest(k),

assuming the sampling period is sufficiently small.In this design, onstep prediction is
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implementedto compenstge thesampling delayDM output current can be predicted with the

averageoutput currenmodel derivedrom the last section.
—_ — (3.6)

Based on Eul er 6s f otheavaragdoutmuicyrend modatierived ia (8.2)a n d
onestep prediction of thsverter output currentf thej" modulecan beobtained in(3.7).

N Q p b OOV Q MW .
MQp 0 Q0L Q MO (8.7

BasedorEul er 6 s f or war dhegepepalizedkSIC@haddederined (8.5, one

steppredictionof ZSCC forthej module can bebtainedn (3.8).

M Np —0U 6 — — 00 (3.9

3.2.2. Cost function design

The second step is to establish a cost function gmesenting all theontrol objectivesFor
the centralized@B-MPC, there are two major control objectivdg:current reference tracking, 2)
LF-ZSCC elimination.The outputcurrent/powershould beindividually controlled for each
module which can be achieved bgvaluating the performance of all possible switching states
and selecting the optimal onéo minimize the cost function.On the other hand, global
optimization is required to eliminatd=-ZSCC caused by hardware parameteismatch and/fo
different moduk power outpus. Sincethe fundamentabutputtracking is not affected by ZS
components,wo control objectives can be achieved simultaneously uttgersynchronous
stationary coordinateCost functionfor thej™ invertermoduleg; (Vo Vb ; Vzs® Wsn) iS established
in (3.9, wherethe first two termsevaluatethe performance of fundamental output states on

trackingthe current/power referencehd third term represents the impact of ZS voltage on LF
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ZSCC controlij’ (k+1) denotes outgiicurrent reference fortii nv e r t e fframenviezer U Db
ik (k+1) & ik’ (k) for a short sampling periqd,s (k+1) denotes ZSCC reference for all modules
which is designed to be zeradenotes the weighting factor of ZSCC control, which is selected
as ondor optimal LFZSCC controperformance.

QO W ED M p Qo

_ _ _ _ (3.9
MO p QQop _ SO QO p T Q ps

3.2.3. Cost function optimization

The last step is to select the optimal switching states which can achieve tlovdradit
control performanceCB-MPC adopts the same ided oost function minimization as in
conventional MPC algorithms but requiresver stepsof online computationin conventional
MPCs, the impact of all eight possible switching st§@&%), [001], [01q, [011], [10q, [10]],
[11Q, [11]] needs to be evaluated one by one in each sampling period, whichtdehitg
amount ofcomputationsteps.The computation burden will be significafior system with more
than two modulesinspired by T6], this optimization proedurein MPC can be simdied by
avoiding the timeconsuming iteration step$o minimize cost functiow, the optimalsolutions
must satisfy the minimum value conditions defined3ri0). The @timal output statesan be

obtained by solving (3.10) so that tfme-consuming iteation stepgan beavoided

h h E
I,IJ T[
I’y o
h h E
. T (3.10)
I’y h h E
Tt

w
The optimalfundamental outpusf thej™ modulevy; _apdwe ; _isgderivedin (3.13).Since
the fundamental output of one module is independent from all dbiiemodules, ie optimal

solutionfor each modulean be obtainelly solving the first two equatiored (3.10) ZSCC on
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the other handdepends on the Z®utput of all modulesss€ wsn Global optimization is
required in order to obtain thaptimal ZS outpud for allN modules To solve the third equation
of (3.10) for N modules all at once, anulti-inputmulti-output (MIMO) systemcan be

establisheds

' - SQ 0 p 0 Q ps ™

Uy . é

o SO Qp 0 Qps ¢ (3.1D
l;l’ E ©

SO O p Q© Qops m

Lp -
By substituting thepredictedZSCC (3.8) into (3.11) the optimal solution ofZS outputv.sj opt
for all N modulescan beobtainedin (3.12). Thei model is defined as the ZS reference for the
restN-1 modules wherei can be any number between INoLF-ZSCC of thei™® module can

always be eliminated bgontrollingZS outputs of the re$t-1 modules

U . — 100 Q0 0 Q— o o]

i é

_ 0 — 1N 0 Q Q— o 0 (3.12
Iy '

. é

lr\ v, iy v, sy

VLV — 100 Q 0 Q — 0 0

From abovesteps the optimal output states of tffé module {3 oW . Vs op] Can be easily
obtained through onrstep computatioof (3.13, instead ofyoing throughthosetime-consuming
iteration stepsin this design, th&l" module is seleed as the ZS referendsilter inductances L

are assumed to be identieghereline resistances are ignored.

-0 -0 v 0 -0
b -0 v 0 -0 (3.13
SV — 10 0 00— o6 6
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With the proposedentralized CBMPC, two control objectives, i.e., current/power reference
tracking and LFZSCC elimination, can be achievetnmultaneouslyfor N parallekd inverters.
Most importantly, interleaved PWM can be achiewetth CB-MPC, whichcan reduce thEMV
effects andimprove systemoutput quality.Implementation of the proposed method will be

detailed in the following subsection.

3.2.4. Implementation of CB-MPC

The communicatiofbased.F-ZSCCcontrol can be implemented in two types of the control
architectured.e. mastesslave or centralized desigbifferent number of the communication
channels will be required, whickead to different cost for implementation The system
complexity andeliability will also be different for the two designs

The conventionatlesignis known asthe masterslavecontrol structurewhich can be found
in Figure 3.6(a). Master controlleis capable to communicate with all other slave controllers
located in eachnverter moduls Typically, LFZSCC controlwill be implementedn a master
controller powered byhe masterinverter.The masteinverter cannot be shut dovim order to
maintain systemoperation However, inpractical applications,any invertermodule should be
allowed toshut downbecauseaunit shading is usually required to improlght-load efficiency
andto extend moduléfetime. To ensure constant operation and suppression - A3EC,every
invertermoduleshould be able to operate thg masterinverter Therefore, eacmverter module
needs to communicate with the rest of the system, wbagchresult in hgh amount of the
communication channelélthough it isa highly reliabledesignwhereevery singledistributed
controller canserveasthe mager controllerwhen required implementation can bextremely

challengingespecially for systems with a largamber ofmodules.
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Fig. 36. (a) conventional maststave control architecture (b) centralized control architectur
modular parallelnverters.

Alternatively, centralized control architecture can bdoptedif the LFZSCC controlis
desigredin a centralized manneAs shownin Figure 3.6(b), astandaloneentral controller is
employedto exchangecaontrol information withthe whole systemCommunication lines can be
saved since the inverters only need to exchange information with the central controller.
Compared to the maststave design, less communication cables are required which can reduce
the system cost and system complexiys shownin Figure 3.7,number ofthe required
communication channelc. is lowerin the centralized desiganvhenthe module numbeN is
greater than threeMoreover employingacent r all controller wi ||
modularity and reliability In practi@l applicationscentral controlles are commonly foundin
multiparallel converter systems to synchronize the P@éktiess and/orto regulate thenodule
power sharing[78-80]. Reliability of thosecommercial off-the-shelf programmable central
controllershave been proven in diverse industrial applications, which makas @ternative

solutionto implementLF-ZSCCcontrolin modular paralleVSI systems
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Fig. 37. Number ofthe modules N vs. Number of communication channélg required in masteslave
control scheme (orange) and centralized control architecture .(blue)

Different fromthe existing LF-ZSCC control methodg[52-56] that used tobe implemented
in a masterslave manney the proposed centralized GBIPC can be implementeih either
control architecturedDepending on the applicationke proposed ZS control schemsehighly
flexible, which can be implementedither in a dedicate central controller or imaster
convert er Olsthecstudied utibtysdale P\sinvertesystemslarge amount of the 2L
VSI modulesmay exist in a multi-megawattscentral PV inverterwhich can result in high
amount ofthe communicéion channelsn the masteslave designin addition, considering the
processad $mit, controllers in each module may not be powerful enough to work as a master
controller. Therefore, centralized control schenbecome a preferablesolution for such
applcation. Demonstration of the proposed method implementedhécentralized control
architecture can be found in Fig. 3Performance of the proposed method has been evalnated

bothsimulatiors and experimerst which will bedetailedin the followingsectiors.
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3.3. Simulation verification

To evaluate the performance thfe proposed control schepsmulatiors areconductedon
thegrid-connected P\invertersystemshown in Fig. 16. A scenariowith six modular paralleled
2L-VSIs (N=6) has beersimulatedin MATLAB Simulink. System parameters are defi in
Table3.1 In normaloperaion, active output power of 120k transferred from DC link to AC
grid through sixparalleledinverter modules Unit shadng strategyis implementedbecause
individual invertermodulewill be shut downduring low-power conditions. The proposed B
MPC has been implemented a centralcontroller, which cancommunicate with all six inverter

modulesfor output power regulation and EESCC elimination.

Table 31. Electrical Specificationsf Grid-Connected P\Bystemwith Six Modular Parallekd
2L-VSI Modules

Electrical Parameter Design Valus | Electrical Parameters Design Values
Nominal AC grid voltage @ Tt da Number of modules (0]

Nominal DGlink voltage ~ p 1t TUaT Rated power / module ¢ 1Q®

Grid fundamental frequency ¢ TO& Rated currentimodule p W

Carrier frequency L QO Rated filter inductance pd& O
Sampling frequency p TQOA Ground capacitance puy O

Output characteristics have been evaluated fiftaveforns of module individual output
currents and total output current can be found in Fig.Al&ix modules are operating at rated
conditiors with CB-MPC applied One can see the total output quality has been significantly
improved as the THD reduced from awmerage of 21.0% down to 1.7% after interleaving.
Frequency domain analysis indicates Joxder DM harmonics induced at each module are
canceled out, while the dominant sidebmsldift from switching frequencgh =83) to six times

of it (h = 500) InterleavedAC output voltage can be found in Fig. 3.9. For six paralleled 2L
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VSils, seven voltage levelreobservedwvhich verifies theeffectiveness ointerleawng. System
CMV is measured androvidedin Fig. 3.9.FFT analysisindicatesthe dominant siebars of
CMV havealso beempushedrom the switching frequendy six timesof it with interleaved CB
MPC appliedCMV effects arereducedn a significant wayL essleakage currers induced thus
requires a smaller CM filteto fulfill the grid code requiremestin practical applicationghe

syst embs oV e rcaialksobgimprogedvittdCGBiMBGC. t y

Fig. 38. Simulation result of six paralleled 2LSls with CB-MPC: inverterindividual output currents,
tois (left); total interleaved output curreida (right); and correspondingequencydomain FFT analysi

Dynamic performance of the proposetethodis evaluatedon the samesystem All six
modules are operating at fulbdd producing20 kW/ 0 var, when steghange is appliedo
inverter #1for reducing the power reference to zext=0.15s Current waveformsof each

invertermodulecan be found in Fig. 3.10he aitput powerfor inverter #1is reduced fom 20
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