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Three-Level BoostPower-Factor Correction (PFC) Converter

Moonhyun Lee

ABSTRACT

With the increasing demandm electronic loadge.g. desktop, laptop, monitor, LED
lighting and serverin moderntechnologydrivenlives, performance o$witchedmodepower
supply (SMPSJor electronicshave beengrowing to prominence. As from@nd converters in
typical SMPSstructure acdc powerfactor correction (PFC) iccuits play a key role in
regulations of input power factor, harmonics and dc output voltage, which has a decisive
effect on entire powesupply performances$niversal aeline andlow-powersystem(90i 264
Vs, Up t0 300/ 400 W) is one of the most common powsupply specifications and boest
derived PFC topologies have been widely used for the purpose. In ordendarrently
achieve high efficiency and lowost systenin the PFC stagezeracurrent switching (ZCS)
control £hemes arehighly employed in control principlesRepresentativeschemes are
discontinuous conduction mode (DCM) and critical conduction mode (CRM). Both modes
can realize ZCS turon without diode reverse recovery so that low switching losses and low
costdiode utilizations are obtainable.

Among various boosiamily PFC topologies, threlevel boost (TLB) converter has
generated consideraliesearchinterest in higkvoltage highpower applications. It is mainly
due to the fact that the topology can hawvéd componentoltage stresses, improved
waveform qualities and electromagnetic interference (EMI) from phase interleaved

continuous conduction mode (CCM) operations, compared to othefetwb boost PFC



converters. On the other hand, in the fieldiafersatline low-power applications, TLB PFC
has beerthoroughly out of focus sincedoubled component coustand increasedcontrol
complexity than tweevel topologies areracticalburden forthe low-costsystemsHowever,
recent researches on TLB PFC wiZCS control schemesave found that cost
competitiveness of the topology is actually comparable toléwel boostPFC converters
becausethe halved component voltage stressemable usage of low voltagating
componentsof which unit prices are cheaperthan higherating ones Based on the
justification, researches afCS control schemes for TLB PFC habeen conducted tget
enhanced waveform qualitiesd performance factars

Following the research stream, a thieeel current modulation scheme the&n be
adopted in both DCM and CRM is proposeimapter 2 othis dissertation. Main concept of
the proposed current modulation is additional degifefeeedom in currenslope shaping by
differentiating ortimes of two active switches, which cannot barfd fromanyothersingle
phaseboostderived PFC topologieslsing the multilevel featurgaroposedperations in one
switching period consist of three steps: comrswitch ontime, singleswitch ontime and
commonswitch offtime. The singleswitch ontime step is key design factor of the proposed
modulation that can be utilized either in fixed or adjustable form depending on control
purpose. Based on the basic modulation concept,-tbveé CRM control schemedjustable
threelevel DCM control schemeand spreagpectrum frequency modulation (SSFM) with
adjustable threéevel DCM scheme are proposed in Chapids, 3espectively.

In each chapter, implemented control scheme aims to improve different performance
factors. In Chapter 3, the proposed tHimel CRM schemeses increased singssvitch on

time period to reduce peak inductor current and magnitude of variable switching frequency. It



is generally accepted fact that CRM operations suffer from high switching losses and poor
efficiency at light lod due to considerable increment of switching frequency. Thus, efficiency
improvement effect by the proposed CRM scheme becomes remarkable as load condition
goes lighter. In experimental verifications, maximum improvement is measured byal.2%
light load 20%)andoverall efficiency is increased by at least 0.4% all over the load range. In
Chapter 4, thred¢evel DCM control scheme adopts adjustasingleswitch ontime period in

fixed switchingfrequency framework. The purpose of adjustable control scliemeewiden

the length of noszero inductor current period as much as possibleéhabdiscontinued
current period and high peak current of DCM operations can be minimiEegheriment
results show that, compared to conventional-tex@l DCM control, fullload peak inductor
currents are reduced by 20.2% and 17.1% at did 220 Vs input voltage conditions,
respectively. Moreover, due to tuaff switching energy decrements by the taff current
reductions, efficiency is also improved by at least 0.4gandless of input voltage and load
conditions.In Chapter 5a downwardSSFM technique is developed first for DCM operations

of boosting PFC converteriscluding twalevel topologies This chapter aims tachieve
significantredudion of high differentiaimode (DM) EMlamplitudes from DCM operations,
which is major drawback of DCM control. By using the simple linearized frequency
modulation, peak DM EMI noise at full load condition is reduced by 12.gVdian
conventional fixedrequency DCM control. Oriop of the proposed SSFM, the adjustable
threelevel DCM control scheme in Chapter 4 is adopted to get further reductions of EMI
noises. Experimental results prove that the collaborations of SSFM and adjustable DCM

scheme reduce the EMI amplitudes furtbgr2.5 dBV than the result of SSFM itself. The



reduced EMI amplitudes are helpful to design input EMI filter with highewo@urequency
and smaller size.

Different from twalevel boosting PFC converter§.B PFC topology haswo output
capacitors in gges andinherenty suffers fromvoltageunbalancing issue, which can be noted
as topological tradeff. In Chapter 6fwo simple but effective voltage balancing schemes are
introduced.The balancing schemes can be easily built into the proposed ZCSl schemes
in Chapter B5 and experimental results validate the effectiveness of the proposed balancing
principles.

For all the proposed control schesm this dissertationdetailed operation principles,
derivation process of key equations, comparativaelyaes, implementation method with

digital controler and experimental verifications with TLB PFC prototype an@vided
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GENERAL AUDIENCE ABSTRACT

Electronicbased devices and loads have been essential parts of modern fearidgd
on rapid advancements ahformation technologies. Along with the progresppwer
supplying and charging odlectronic producs becomeroutinized in daily lives, but still
remaincritical requisites for reliable operations many powetelectronicsbased supplying
systems, aclc powerfactor correction (PFC) circuits argenerallylocated at fronend to
feed backend loads from universacline source. Since PFC stages have a key role in
regulating aeside current quality and ekide voltage control, the importance of PFC
performances cannot be emphasized enough from entire system point of view. Thus,
advanced control schemes for PF@hwerters have been developed in quantitya¢bieve
efficient operationsand competentpower qualiles such as high power factor, low harmonic
distortions and low electromagnetic interferen(esll) noises

In this dissertation, a sort of PRGpologiesnamed thredevel boost (TLB) converter is
chosen for target topologBased on inherent thrdevel waveform capability of the topology,
multiple zerecurrent switching (ZCS) control schemes are propoSsmmpared to many
conventional tweevel PFC topologs, TLB PFC can provide additional degiaefreedom
to currentmodulation The increased control flexibility can realimeprovemens of various
waveform qualities including peak currestress switching frequency rangéarmonicsand

EMI amplitude.From the experimentaésuls in this dissertationgnprovements of waveform



gualities in TLB PFC with the proposed schemes are verified with comparison devso
current control schemes; in terms of efficiency, the results showTttBtPFC with the
proposed schemes cdiave similar converter efficiency wittonventional twelevel boost
converter in spite ohcreased component countsime topology Further, the proposed three
level control schemes can be utilized in adjustable forms to accompifehedi control
objectives depending on system characteristics and applications.

In each chapteof this dissertatiora novel control scheme is proposed and explained with
details of operation principle, key equations and digital implementation methbdheAl
effectiveness of proposals and analyses are validated by a proper set of experimental results

with aTLB PFC prototype.
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Chapter 1.
Introduction

In this chapter background overview of currentconductionmodesand topologiesn
boosting poweffactor correctionsystemsresearcimotivationsand objectivesre presented

Outline ofthedissertatioris alsoincluded with brief summaries athe following chapters

1.1 Background

In the recent decadeghere ha been an explosivencreaseof enduse commercial
electronics Devices such as computers, displays, smlaonesand LED lightings now, get
settledin modern lifeas basic essentialds shown in Fig. 41, in order to properlhutilize
thoseelectronic devicessupplyingand charging with universal amltage (i.e. 90264 Vimg)
alsobecome daily routinefkepresentativglobal standards of universal -agput voltages are
110 Vimsand 220 Vims. Power suppliesfor electronic devicegonvertac input voltage and

current to certainlc specificationsequired byenduse electronics

i
; Universal ac input line (90-264 V)

_____________ NS U  —

| Device adapter§ EDisplay supplyé { PC supply i Laptop adapter} { LED driver

-

Smart devices TV, monitors Desktops Laptops LEDs

Fig. 1-1. Examples oénduseelectronicswith universal aénput

1



%M N —

Front-end + Back-end
Ve @ Vip ac-dc Chus —‘— V, de-de R Vi

Converter Converter

Fig. 1-2. Configuration of twestage aalc powerconversion

Since ratings of dc voltage and power level are all different by application, general
configurations of electronic power supplies follow tind-stage structurén Fig. 1-2. The
front-end aedc convertes with universal voltage rating should be able todiarwiderange
of input rms voltage, producing boostedlucs voltage at desired lev@lhen, backend dedc
converters steglown the bus voltage to certain vaduer point-of-load voltage. The two
stagesin Fig. 1-2 are actively operated for regulatipuirposesit is generally accepted that
using active fronend aedc converters can bring benefits of high input power factor (PF),
low total harmonic distortion (THD) of input current and controlleebds voltagecompared
to passive diodéridge rectifer [1]. Thus,it can be noted thaiverall systemperformances

are highly influenced bthe capabily of front-endac-dc converter.

1.2 Current Modes of Power-Factor Correction (PFC) Converters

Active frontend aedc converters in Fig. -2 are commonlycalled as powefactor
correction (PFCxonvertersbecause inputurrentcan be controlleénd effectively in phase
with input ac voltagéy the stageachieving high PF near uniff]i[3]. Accordingly, input
current control isnain part of PFC control arehn be classified into three by utor current

waveforms, which are continuous conduction mode (CCM), discontinuous conduction mode

2



Table 1. Summaryof current conduction modes

Mode CCM DCM CRM
A ’.di j.r:
i A g A
Waveform | 54—+ i“q“‘l‘!ly‘!‘!!‘!,ﬂi
Operating . : .
frequency Fixed frequency Fixed frequency Variable frequency
Reverse Yes No No
recovery
Cost High Low Low
C_u rent Low Highest High
ripple
Application| High power(upto kW) Low power(< 300 W) Low power(< 300 W)
Voltage Hard switchin Partial soft switching Partial soft switching
switching 9 (ZVS on if |Vad<vo/2) (ZVS on if |Vad<vo/2)
Current o Soft switching Soft switching
switching Hard switching (ZCS on) (ZCs on)

(DCM) and critical conduction mode (CRM]1[5]. Characteristics othe threecurrent
modes aresummarized in Table-1 with typical input waveforms. As can be seen, CCM
control has continuous inductor current waveforegsle by cycle while DCM and CRM
control methods show zewurrent beginningof each switchingcycle Due to the
fundamentals, DCMind CRM controls have a lot in commtmeach other than CCMince
each switching cycle in both DCM and CRM begins with zarorent switching (ZCShurn
on, there is no reverse recovésgueandlow-cost diodecan be used for coasbmpetitiveness

[6]7[9]. However, both modes have high inductor current ripples emdesponding

3



differentiatmode (DM) electromagnetic interference (EM¥hich practically limis their
usagedo low powerapplicationsup to 300 W. Since majority of modern electronic devices
mentioned in the previous sectionostly belong to lowpower applicationsand low-cost
power supplies arpreferred for themfront-end PFC converteesquipped witiZCS methods

(DCM and CRMN have beemxploitedin those systems.

1.3 Boosting PFCConverter Topologies

Universalline frontend PFC converters should be able to handle-vadge input rms
voltage and it is good for bagnd dedc converters if output voltages of PFC converters can
be standardized even under wide univergalits Thus, many bogi-family topologies which
can step up universaiput to higher level are widely employed PFC stage. Sincleoosted
PFCoutput voltage should beigher tharpeak of maximum universaiput voltage (i.e. 373
V: peak of 264 Wns), a voltagein 380/ 400 Vrangeis usually chosen for PFC outputs.

With the general specifications, thregell-known boostderived PFC topologieshave
beenresearchedn great quantityand implemented imanyreatlife applications[10]i [40].
Thetitles oftopologies are conventional boddtCconverter (Fig. 43), bridgelessiuatboost
PFC converter (Fig. #4) and bridgelesstotempole boostPFC converter (Fig. 45). The

detailed circuit diagrams can be fousndd compareffom the following figures.

+ L Dy +

vin () S 5

C = R, Vo

)

Fig. 1-3. Circuit diagramof boost PFC converter
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Fig. 1-5. Circuit diagramof totempole boost PFC converter

Although configurations of the three PFC topologies altedifferent, their operation
principles are mostly identicaConventional boost converter in Fig-31faces rectified ac
input voltage anasynthesizes inductor voltage and current by manipulating main sitch
When turning orfs, input voltagevin is applied across the inductbrand inductor current
increases with a slope of/L. If S turnsoff and D1 gets conductedthe inductor voltage
becomes\{r-Vo) Which is negative so that inductor current decreases with a slope-@)iL.
By using the principles, DCM and CRM chg easilyachievedin boost PFC convertelhe
other two bridgeless PFC converters can control inductor curréhné samewvay except the
fact that additional diodes provide input current path instead of diddge in boost PFC

Detailed circuitoperations by each topolo@switching status are shown ifable1-2.



Table 22. Circuit operations by main switch status

Main switch on

Main switch off

BoostPFC

Vi= +\',,,

+

Ll
L

S g

R,

Dualboost
PFC

v()

I =¥
. [
Totempole oL v . Vi =1V cL R [
boostPFC T ! )
D\ B}y ¥
iL (V,',,—VU)/L iL (7Vm“'u)“';[‘

Inductor

current J J
waveform +vi/L +vy/L

on off [ ! | on off [ !

Synthesization principles dhductor current irthe threeboosting PFQopologiesare equal
which can be noted frondenticalinductorcurrent slopes and shagasrable 12 undersame
inductance and voltageonditions.Thus, the topologies can achieve both DCM and CRM
operations in Table-1 by adjusting the etime duration of main switcls, considering the
inductancejnput/outvoltages and power conditiond herestill exist differences of conducted
device counts inwrent path and corresponding conduction losses by topology, but input
current qualy such agpeak, PF andHD will remain equalinder same conditions
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Fig. 1-6. Circuit diagramof threelevel boostPFC converter

As onesort of boostderived family, thredevel boost(TLB) PFC converter in Fig.-6
was also developedand implemented in wideange applications [41]58]. The topology
consists of two boost cells and each cell includes svdtatiodeD and output capacitoC.
Althoughthe component counts in TLB PFCtigice more than those inonventional boost
PFC, main advantage of using TLB topolagyhatvoltage stress of all components becomes
Vo/2 which is half ofcomponentoltage stresssin the other boostamily topologies Due to
the halved voltageating TLB PFC has beemoreimplemented in high voltage applications
(e.g. high-power renewable generatiomediumvoltage solid-state transformerdc fast
charging statior{50]i [58]) than the other boosting PFQopologies.Since those kinds of
applications need high power suppledeast several kW levgireviousliteraturesregarding
TLB PFCmostly focusedCCM control rather than the ZCS methods.

On the other hand for universalline low-power applications, hie potentials of TLB
topology hae rarely beerexplored. It is mainlydue to underlyingudgmens that therés no
reason to use the topology becairsgements of component counts, cost and lossaee it
unpracticalthanthe other topologief9]. However,in pragmatic aspects, TLB PFC can be

also a good option fdow-costuniversalline applicationsin the marketlower-voltagerated



components with similar parameters involve lower expenses than ighageratedones

Table 13 refers cost eluations of boost PFC and TLB PFC with similar circuit parameters.

Table 13. Cost comparisonf major componentghttp://www.digikey.comas ofJune3’, 202Q.

Boost PFC Threelevel Boost PFC
FCB15N50 (On semiconductor) FQD16N25 (On semiconductor)
Switch 500V, 15 A, 380 i, TO-263AB 250V, 16 A, 270 M, TO-263AB
{*Unit price: $2.69 {*Unit price: $0.93
FES16HTE3/45 (Vishay) VS-15ETHO3M3 (Vishay)
Diode 500V, 16A, 1.5V (), TO-220AC 300V, 15A, 1.25V (M), TO-220AC
{*Unit price: §.30 {*Unit price: $1.00
450MXG470MEFCSN35X4QRubycon) | 250MXG470MEFCSN25X3QRubycon)
Capacitor Alum. E-cap,450 V, 470t (20%) Alum. E-cap,250 V, 470nF (20%)
{*Unit price: $8.0} {*Unit price: 8.55
Total orice $12.00 $ 10.96
P (1 switch, 1 diode, 1 capacitor) (2 switches, 2 diodes, 2 capacitors)
Note Miscellaneougircuit parts(e.g.gatedrivers) arenot includedn this comparison

The components are selected based on typical uniMereapecifications with 9®64 Vims

input, 400V output and300-W full-load conditions Major components in conventional boost,
then, experience maximum 480 voltage stresses while those in TLB PFC face-200
voltage stresse3he selections in Tabled are based on the stress levels and voltage margins.
Although low-cost diodes with 30% and 500V ratings do& have much cost differences,
switches and bus capacitors show considerable differences depending on voltageAsafings.
result,the net price of major components in TLBpologycould be less than thaf boost

PFC. Since niscellaneousircuit parts such as gatiivers are nofully consideredn the

8



evaluation it cannot besimply concludedby TLB PFC& superiority. Howeverit can be
noted from the Table-3 that TLB PFChas similar costompetitivenes with the other

boostingPFC topologiegor universalline lowerpower applications

14 Motivations and Objectives

DCM
LY
Vo Vo
Vin >
I S o ok s
4 1pl ' : H :
Iy j : /\ : /\ :
/\\ : ~ :/ ~ : !”.;
& i "f’f E i
v . .l — >
L . ”nu j”'ﬁ; | “.rlu logy / i Luoft
E “!H-I
O — 1 —1 .
[ Y i
Ve [ 1] ] 1 >
ﬂlw' Ta‘u' T.m'
time
CRM
Iy
Vo I o
VHI‘ o
[ - Pk Pt | s
i N i N 5 |
/\\;/’/\v \J/ V ] !” >
N | L | s |
% — — — — —
! . -’luu N ‘J’f:’”__ P !nu A log P juu o Logy R Irrm o "'{_ah‘ A 1
.
+ ""m'I o :
Vet | | | | 1 —
A :
Va2 | | | | 1 —
ZCD T ? ? ? >
It It Eyw | Eyw |
time

Fig. 1-7. Key waveforms off LB PFCwith conventionatwo-level ZCS methods
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In spite ofacceptablerices, TLB PFC converter with conventional ZCS (i.e. DCM and
CRM) control methods is not worthy of implementatiom order to operate TLB PFC with
the twolevel triangular current shown in Table2] the two switche§ andS in TLB PFC
must turn on ah off together and the diodes are conducted at the same time, as/H&0]1
With the schemed LB PFCwill show equal input current qualitiessthe twolevel boosting
PFC topologies, but thadditionaldevicesS and D2 will cause more conduction losses and
efficiency drop.These meritless features in terms of efficiency and waveform quality have
made TLB topologylose its place in universdihe low-power applicationsMoreover,
inherent topological issue of unbalancesitagesbetweenvc: andvez is another barrier that
doesid@ need to be worriedt allin the other boost PFC convert§s§)].

Due to the reasonshere hae few researchattemps that utilize multi-level waveform
capability of TLB PFCfor DCM and CRM operationdt means thathere exiss potentialof
threelevel capacityto improve both efficiency and waveform galior universal lowpower
systems In general, multilevel topologies and modulation scherms bring enhanced
waveformquaities (e.g. PF, THD, EMIjat acside which was proven by many researches on
ac-dc PFCrectifiers and d@&c inverterg61]i [65].

Based on thesbackground, this dissertatioraims toachievethe following objectives.
First, a methodology to fully utilize the thrdevel capabilityis to be devised based on
operation principles of TLB PFC convert&econdseveral DCM/CRMcontrol methodsre
to be proposed on top of the methodology to improve performamted such as losses,
component stresses abdl EMI. Lasty, outputvoltage balancing schemes that can be easily
applied to the proposed theds are to be introduced fogsolvingthe inherent unbalancing

issueof TLB topology
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15 Outline of Dissertation

Theremainder of thiglissertatiorconsists of six chapters and the contents of each chapter
are briefly summarizelelow.

In Chapter 2operationprinciples and characteristics of TLB topology drecussed and a
basicmethodology of thre¢evel currentmoduhbtion is devised based on the fundamentals.

Chapters B5 are dedicatedo proposemultiple control schemegor DCM and CRM
operationsusing thebasicthreelevel modulation.In Chapter 3,a novelthreelevel CRM
control scheme is proposed. With tseheme, TLB PFC gets quadrangular inductor current
waveforms throughout ac line cycldsxpected effects are reduction of variable switching
frequency, peak inductor currergwitching losses component stressesnd THD value
Resultantly, efficiency of TIB CRM PFC can be comparable to that of boost PFC and even
higher at light load conditionsetails of the effects are to be verified by analysis and
experimental resultdn Chapter 4athreelevel DCM control scheme is proposed for TLB
PFC.The purpose focontrol is to reduce high peak current of DCM operatitmse to CRM
level by adjustablethreelevel switching durationUnder timevarying input voltage and
power conditions,the proposed method can provide proper switchmgchanism to
synthesize quadngular inductor currents which fit to the fixed switching pesadilar to
CRM operation With the scheme, TLB PFCan be rewarded by hybrid benefits of fixed
frequency (DCM) and lower peak current (CRM) at the same time, achieving efficiency
improvements. In Chapter % spreaespectrum frequency modulatiqi®SFM) scheme is
proposedor DCM TLB PFC Due to the fixedrequency of DCM control, the magnitudes of
DM EMI are generally much higher than CRM control so that -kighhme input filter is

required. In order to mitigate dense EMI energy, intentional frequency distribution is
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implemented and it can significantly reme the pealamplitude of DM EMI. Then, the
adjustable threéevel modulatiorscheme in Chapter @an beapplied on top of theroposed
SSFM toget further reduction of DM EMhoises The spreagpectrum frequency range can
be also selectemh downward diectionto increase converter efficiencyhe effects of SSFM
and thredevel modulation are proved by experimental results with EMI measurements.

In Chapter 6fwo approaches of outpwbltage balancingsgchemesre introduced. @e
approach is to set one #gh as master balancing device and the other approach is to toggle
two switchesby turns for balancing output voltages under asymmetric operatizoth
approachesvork well with the proposed DCM and CRIperationsin Chapter 85. Key
eguationsand implementationmethod for balancing schemes are derived in this chapter and
the effectivenesss validated by experimental results.

In Chapter 7conclusion of thiglissertatiorand direction for future work aganized
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Chapter 2.
Analysis of Three-Level BoostPFC Converter

In this chapter,characteristics of TLB PFQonverter are analyzed with operation
principles A distinctive degre®f-freedomin currentslope shapingis the key concepbf
TLB PFC which cannot be found from the other boosting PFC topologies. Based on the
distinctive feature, a basic thrémvel modulation with quadrangular current waveform is
introducedin this chapter, which consolidates the theoretical ground for multiple ZCS control
schemes proposed in the following chapténgected effects of the proposed modulation are

also described with operational benefits and issues.

2.1 Operation Principles

As illustrated inFig. 1-6, TLB PFC topologyconsists of two basic boost cells; each cell
containsactive switchS complimentary diod®, and output capacitdZ. Boost inductolL is
located at the input current pathductorvoltagev. can besynthesizedt different levels and
inductorcurrenti. can flow into both cells depending on the on/off statuS,@nd S which

are summarized in TableR2 The diode®: andD; are conducted in complimentary manner

Table2-1. Switching States of TLB PFC I8 andS.

State S S VL
1 On Oon Vin
2 Oon Off Vin-Vo/2
3 off Off Vin-Vo/2
4 Off Off Vin-Vo

14
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Fig. 2-1. Circuit operation by switching state

in turn-off cases o5, and S, respectivelyThus,it can be noted thaiperations of TLB PFC

are totallydetermined by switching status of the two switches.

Along with the Table2-1, circuit operations bythe matched switchingstates are

demonstrated in Fig.-2. In State 1, both switches are conducted so that positive input

voltagevin is applied across the inductor and build up energy in it. During the state, output

load R, is supplied by the two output capacitors. In State 2 and State 3, only one of the two

switches turns on and a diode in the other boost cell goes ceddube voltage across

inductor becomesvig-vo/2). As can be seen from curreftdw arrows, the inductor current

charges one output capacitor withvig) current and the other capacitor is to be discharged by

load currentio. Lastly, in State 4, all thewitches are off and the complimentary diodes are

conducted. The inductor voltage, here, is neggiMarity (in-Vo) so that buikup inductor

energy is released to load side and inductor current decr&eggadless of input, output and
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power conditions, TLB PFC operations throughout line cycles can be categorized by the

aforementioned four switching states.

2.2 Degreeof-Freedomin Current-Slope Shaping

As a PFC regulatoifLB converter should be able to operate with twaeying acinput
voltagein universal specificationdn Fig. 22, input voltage variatiomn half of line-cycle T:
is drawnas an exampleAs shownin the figure the operatiorof TLB PFCcanbe divided

into two modesby input voltagdevel

A
v()
Vin, pk= T Mode I1
Vo
Vin P, \
Mode I
; \,
0 T,/2

time

Fig. 2-2. Operationmodes by input voltagievel.

The boundary condition of voltage modes vs=vo/2. Mode | happenswhen the
magnitudeof input voltagevin is between 0 ando/2 while Mode llis definedwhen vi, is
betweenv./2 andvo. Different from thetwo-level boostderivedPFCs TLB topology in Fig.
1-6 hasthetwo output capacitors of whicloltages areontrolledto vo/2. Thus, depending on
the switching statum Table 21, theswitch-sideelectricalnode of inductocan be connected
to threepotential levés which are0, vo/2 andvo. Since input voltage is alwayetweerD and

Vo, thetwo voltagemodes | and Il comefrom comparison witho/2.
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Mode I (0 Vip < V,/2) Mode II (v,/2 Vin < Vo)
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I
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Fig. 2-3. Degreeof-freedom in currenslopeshapingoy input voltagemode

From Table 21, it can be noted thdaherearethree equivalenswitching statesn TLB
PFC (State 1, State & 3, and State 4). Ththree switching states form different circuit
operations as Fig.-2 and their effects on inductor voltage and current vary depending on the
input voltage level

First, when both the two switches are on in Mode | (State 1), input voltage is fully loaded
across the inductor and inductor current increases with a positivewsithpéf only a single
switch turns on betwee and S (State 2 & 3)the rightside electrical node of inductor is
connected to the ibetween point of two output capacitors so that inductor voltage will be
(Vin-Vo/2) which is negative in Mode I; the inductor current decreases with a negative slope
(Vin-Vo/2)/L in those switching statekastly, when both the svahes are off togethé6tate 4),
voltage across the inductor becomes negativevd), causing a descending inductor current
with a negative slopevg-Vvo)/L. The negative slope in State 4 is steeper than that in State 2 &
3. In brief, there exist three curresbbpe shaping options in Mode | including one positive
slope option and two negatigdope optionsas shown in Fig.-3.

For Mode II, TLB PFC hasidentical three switching state® Mode | The operation

principles ofState 1 and State 4 are exactlynsawith those in Mode I. However, for State 2
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& 3, the polarity of voltage across the inducton-{,/2) becomegositive in Mode II. It
means that the inductor current in State 2 & 3 of Mode Il will hapesitive current-slope
(Vin-Vo/2)/L. As shown in Fig. 3, the composition of inductor curresibpes in Mode Il is
differentiated from that of Mode I. Now, there are three cwséopie options including two
positive slopes and one negatslepe

Compared to thewo-level boostderived PFC topologig&onventional boost, dudloost,
and toterrpole boost)ntroduced in Chapter 1, TLB PFC topology has additional degfee
freedom in inductor currerdlope shapingwhich cangive options tosynthesizeinductor
currentin multilevel waveformsfor both Modes | andMode Il. By utilizing the inherent
threelevel characteristics in modulation schemes, there arise chances to improve performance

factors of the two ZCS current control methods.

2.3 BasicThree-Level Current Modulation

Based on the additional degrekfreedom in currenslope forming, aasicthreelevel
current modulation schenig proposed in this sectidf9]. The modulation scheme facilitates
asymmetric gate signals for two switcifRsandS in TLB PFC, fully applying the inherent
threelevel capability to the DCM and CRM operatioms.the following chapters, this basic
current modulation will bémplemented to those ZCS operations with extended techniques.

Key waveforms of theroposedhreelevel modulationscheme working with DCM and
CRM operationsare described in Fig.-2 and Fig. 25, respectively A new feature in the
proposed method is that one switchimgriod of DCM or CRM operations consists of three
switching states which are common+time duration Ton, Singleswitch ontime durationT,,

and common offime durationTos; forming threelevel inductor currents.
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Fig. 2-4. Key waveforms of proposed thrémvel modulation scheme in DCM operation
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19



For better explanati@of control schemeseveral assumptions are made first as follows

1) Any fixed, constantand controlledparameters will be written in uppease letters and
time-varying variables will be expresd in lowercase letters for the rest of this dissertation.
2) Total output voltage is assumed to be controlled/d¢doy a poperly designedsoltage
controtloop. In general, the voltage compensator has slow control dynamics stiHz
control bandwidthThe common oitime Ton is resulted from the slowdynamic compensator

and it remains almost constant during ac line cyj@&g

For DCM operation with the proposed modulation scheme, switching freqienand
switching periodTsw are fixed as shown in Fig. -2. Both switchesS and & turn on
concurrently at the beginning of each switching cydMithin the switching period, the
singleswitch ontime T, brings an additional currerslope {in-Vo/2)/L in the middle and
guadrangularcurrent vaveforms. Depending on input voltage modes, the polarityTof
periods can beither positive onegative.

On the other handZRM operation with the threlevel modulation schemis based on
inherently variable switching frequendy. It is mainly due to the fadhat each switching
periodtsw begins at the zerorossing detection (ZCD) moment of inductor curi@2]i [63].
Regardless of the variable switching operations, the 4bre current modulation scheme
can harmonized withhe ZCD techniques anithe singleswitch ontime T, will also bring

operational benefitey quadrangular inductor current waveforms.

2.4 ExpectedEffects of ThreelLevel Current Modulation

As mentionedTLB PFC with DCM and CRM operations haéebheen actively employed

in universalline low-power applicationsThe reason is that it suffers from more conduction
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losses while input current quality remains equal, compared to the othdevgidboosting

PFC converterdHowever,if thedevisedthreelevel modulatiorscheme worksvith TLB PFC,

there arises chance to improvefpemance factors by using muétvel characteristics.
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Fig. 2-6. DCM current waveforms by modulation scheme
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21



In Fig 26 and Fig. 27, possible techniques using the modulation scheme and expected
effects on current waveforms are demonstrafed.all conduction modes and input voltage
modes, the basic thrdevel current modulation can li@plementedn two ways.

First, fixed ratio betweerilon and T, can be used. Sinckn remains constant during line
cycles (5060 Hz) from slowdynamic voltage compensatof, can stay unchanged by
maintaining the ratio fixed. Under the same input/output and power conditions, average
inducta current in a switching cycle should be equal irrespective of current waveform. Thus,
as shown in Fig. -b and Fig. Z7, the norzero current duration by the fixed thriewel
modulation become longer than that of conventionattevel modulation; consemntly the
peak inductor current in a switching cycle can be reduced under same input current condition.
The peak reduction effects will be mawmarkableespecially inDCM since the peak current
of DCM control is the higheshamong PFC controlas mentioad in Table 11. The chain
effects of reduced peak current are reductions of device current stressesdf ¢tument and
switching lossesThe fixedratio control can be also applied to CRM control. As can be seen
from Fig. 27, the variable switchingeriodtsw of CRM control becomelngerand the peak
inductor current gets lowered. Accordingly, switching losses can be decreased by reduced
turn-off current and switching frequencyt light load condition, CRM control generally
suffers from very highwitching frequency up to severalindredkHz range. Thus, the three
level modulation is expected to be helpful to improve theightl efficiency.

Secondthe singleswitch ontime duration can bextendedn adjustable form, for each
switching cycle For DCM in Fig. 26, the adjustable approach can make inductor waveform
close to CRM operation, achieving the lowest peak current under given conditions. For CRM

in Fig. 27, the extended threlevel technique can be utilized to achieve desired switching
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frequencies and further redettpeak currentFor both modes, thadjustablet, can bring
benefts by changingparameters such as peak current, switching period and EMI noises.
However,as can be seen from Fig-&and 27, the proposed threlevel current
modulation scheme is based on asymmetrical operations of main switches in the two boost
cells. This principle can caussevere unbalancing between the two out@gacitor voltages
without any voltage balancing schemes. Further, the unbalancing issoiarsailine TLB
PFC is critical because lewost electrolytic capacitors in the market are widely used for the
output capacitorsn the lowpower applicationsTypical parameter tolerances &20% as

highlighted inFig. 2-8. Experimental waveforms of TR PFC by twelevel DCM operations
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Fig. 2-8. Electrolytic capacitors for douspurposehttp://www.digikey.com, as of Juné'52020)
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Fig. 2-9. Experimental waveforms of conventional thevel DCM.

areshownin Fig. 29. Evenwith the symmetrioperations 05, and S, the outputcapacitor
voltages become unbalanckyg 67 V mainlydue toparameter differenceleCET2WP471
470 nf, °20%, Panasonic) and corresponding disparities of consumpsoand thermal
unbalancesn the two boost cellsThatmeans the unbalanced voltages will become worse if
modulations of two boasells go asymmetric on top of the parameter tolerances.

In conclusion it is expected that TLB PFC can be rewarded with reductions of peak
current, harmonics and switching lossesd improve efficiency by implementing the
proposed thredevel current modulation scheme. However, asymmetry in the modulation
scheme can cause severe voltage unbalancee abutput capacitorand there should be
additional voltage balancing schemesctimpensate the disparitRetailed implementation
and extension of the thréevel modulation scheme in DCM and CRM controls, mathematical
analysis ofoperationeffectsand key equations/oltage balancing methods and experimental

verifications are provied inthe followingchaptes.
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Chapter 3.
Digital-BasedThree-Level CRM Control Scheme

In this chaptera novel thredevel CRM control scheme for TLB PFC soposedbased
on the degreef-freedom of currenslope shaping introduced in Chapter[38]. Main
advantage of adopting the thrleel scheme to CRM operations is reduction of variable
CRM switching frequency and switching lossespecially prominent for light load condition
Thus, TLB PFC can achieve improved efficiency throughout waked ramge at the small
cost of input PFC decremeriloreover, decreased peak inductor current bringseform
quality improvementsuch asTHD and EMI peakDetailedanalysis of effectsderivation of
key equations, PFC control desigmddigital implementatiorare explained step by step. The

verificationof proposed control schenealsoconductedy a series of experimental results.

3.1 Proposed ThreeLevel CRM Control Scheme

The degreeof-freedomin TLB modulation schemegives various options to shape
inductor currentslopesin both input voltage mode$/odes | andMode Il. Based on the
threelevel modulation scheme in Chapter 2, dighaked thredevel CRM control scheme is
proposed in this sectidb9]. First, the key waveforms of proposed CRM cahschemes are
presentedy different input voltage range Fig. 3-1. In thekey waveforms, two switching
cycles of TLB PFC operations are illustrated under the assumption that input weltage
output voltageV, remainconstantthe output capacitoroltagesvc: andvc, are also assumed
to be balanced and controlled to half of output voltdge. The common ottime Ton is also

assumed to be constant value during line periods by voltage compensator design.
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Fig. 3-1. Key waveforms ofproposedhreelevel CRM control scheme by input voltage level

The kasic modulatiorschemesf proposed threéevel CRM control in each switching

cycle can be organizeasfollowing orders.

1) Common on-time (Ton): TwWo main svitches S and S turn ontogetherwhen inductor
current reaches at zeemd ZCD detection is triggered@he switchegemainconductedand
complimentary diodes are opéor the duration ofTon. In this time, positive vin is applied

acrosgheinductor and inductor curretibearly increase with avin/L slope

2) Single-switch on-time (Tz): After the duration offon, One of theswitchesbecomeff and
the otherstill remainsconducted for additional etime T.. In the proposed CRM scheme, the

ratio betwee; andTon is fixed anddefinedwith a as(1).
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T.=a Y, (1)
wherea is the desiged ratio. In this period, the inductor voltage becomes-Y./2) andthe
slope of inductor currerfin-Vo/2)/L can beeither positive onegative depending on the input

voltage rangas shown in Fig. 3.

3) Common off-time (torf): As the last step in each switching cycle, both the two switches go
off to release the inductor energy and to supphgd side. In this durationyig-Vo) is applied

across the inductor so théeinductor current linearly decreases with-o)/L slope.

4) ZCD interruption : In general, CRM operations rely on the moment of ZCD to begin a
new switching cycle. By implementing an external ZCD circuit with comparator, it is easy for
digital signal processor (DSP) to detect the moment and to setchisgiperiod by turning

on both the switches at the same time.

Throughout ac line cycles, thiepetition offour stepsl)i 4) will make TLB PFC be able
to obtain the thredevel quadrangulacurrentCRM operationsCompared to the conventional
two-level CRMoperationsall the hardwaref power stage and digital controller can be used
as they are; the only additional scheme is a theeel switching state fof, which isrealized
by several sentences in DSP coflkus, it can be noted that the implementation of proposed
threelevel CRM control scheme is easkiowever, the beneficial effects are relatively
considerable as analyzed in the following sections.

In order to balance the two outptdipacitor voltages, theroposed control schemes toggle
aconduced switch betwee8, andS for single switch ontime T, in every switching cyclelt
is also recommendeid circuit design stagé selectoutput capacitorsC; and C; with even

capacitance and effecthgeriesredstance (ESRparameter$s9].
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Fig. 3-2. Half line-cycle waveforms of TLB PFC by proposed CRM control scheme

As the final outcome, the operation principles of proposed dbret CRM control

scheme can be summarized with Fig2 &hich shows a half period of ac line cycle.

3.2 Key Equationsand EffectsAnalysis

From the operation waveforms described in Figl,Xkey equationsand effects of the
threelevel control scheme can be analyz&thjor operating parameters such agtshing
frequencyaveragecommonorttime Ton, averagfpeakof inductorcurrent,andrms currenof
each componentare essentialor PFC regulationcomponentselection, and passiveart
design.Equations of the mentioned parameterscanévedas follows.

First, a volt-sec balancing relationshim inductor voltage waveforms used for

formulating @mmonoff-time tos.

toff - : -Qn (2)



Then,using(1) and(2), switching frequencyn the svitching periodcan be calculated bB).

11 1 V, =V
fsw - o (3)
Tsw Ton + -[a +toff (1 a-/ 2) Ton Vo

As can be inferred fror(8), the design ratidJis located in the denominator so that higber
value willresult lower switchindgrequency in the switching cycle.

Peak inductor current of CRM operation is equal the turn-off switch current
Accordingly, the parameter is related to tewff switching losses and current stress From
the inductor current waveforms kig. 3-1, the equations of peak inductor current in Mode |

and Mode Il can be derived and expresse®hy

—> (:

Vfﬁon , Mode |

IL.pk :i (4)
(1+a)me( 72V, d,, , Mode I

—_— >

Averageinput current of TLB PFC can be also calculated from Fify.b&cause it is equal
to average inductor current. By integrating aweraging inductor current waveforms in two

switching cycles, average input current can be formulatés).in

iy, =1, = o | a 1+, —V 5
"t 2L(1+a/2)1T2 LA ®)

Average input current is important variable since high input PF of TLB PFC can be

obtainable only when average input current is in phase with ac input valtage
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Rms currents ofmajor componers (switch, diode and inductor) can be derived from two
switchingcycle waveforms in Fig. -3. In (6)i (8), the rms current equations of major

components in two switching periods are expressed.

: é‘]7/3+a/2 @o_ Vin §n 6
IS.rms@\/gs‘l_'_a/Z SVO 5L_ Vir$ ( )

H é‘]/3+a/2 Qn §n 7
I5.ms @\/agg 1+a/2 90_ %_ Vin‘ ( )
: fé]/3+a/2 pﬁn 8
IL.rms @ (;;%14'8/2 +L Vin( ( )

Thosermsequationsgan beused for component selection, desagml loss estimation

From the beginning of control explanation, the value of commetinoa Ton is assumed
as constant value resulted from sldynamic voltage compensator. Here, average equation of
Tonin line cycles can be derived under assumption that outppbwerP; is equal to input ac
power without losses. Aside input power can be calculated by multiplication of input rms

voltage and current. Then, averagdue ofTon can bederivedas(9).

_2LP, al+a/2
v 2 91+a

in.rms

T

on

(9)

This averagelon will be resulted from voltage compensator for the given specifications and
remain almost constant throughout ac line cycles. Then, by using the av&sage
instantaneous equations of many variables can be computed. For examjimersalitching
frequency and peak inductor curredtiring a line cyclean be calculated byL0)i (11), which

are induced fromeplacingTon in (3)1 (4) with (9).
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fon= O 10
2LP, (1+a/2)’ vV, (19
e . V., &L 8/2 9§
~ 2P 10 x , Mode |
. { ° \/il"l.l'mSz ?14_ a 9 (11)
IL.pk:i
~ Al1+a)v 2)V. 31 5
1op A1 2)Y% {24 Ve BF2/2 0 ol
I Vin.rms Q 1+a -

By using(10), instantaneousariable switching frequency of CRM operations can be plotted.
In Fig. 33, an example of switching frequency variation is shown with specifications of

Vin=110 Vims, Vo=400 V,L=230nH, P,=300 W andz from O to 1 (at an interval of 0.1).

90 §
80
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6() ,,,,,,,
50
40

Jow (kHz)

Time (s)

Fig. 3-3. Switching frequency variation by-ratio.

As the ratioa in the denominator gfL0) increases, the magnitudes of instantaneous switching
frequency in CRM operations decrease. The effect of reduced CRM switching frequkncy
leadto reduction of switching losses and improvement of converter efficiency. In general, the
switching frequency range of CRM control goes higher as input rms voltage increases and
load level decreases. Especially for ligbéd condition with high input rms voltage,
switching frequency can easily move to sevérundred kHz and nedHz region. In those
regions, TLB CRM PFC suffers from high switching losses and efficiency drops. Thus,

switching frequency reduction by propeiratio can bring significant efficiency improvement.
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From the equationsn (11), expectedmaximum of peak inductor currents can be
calculated. In Fig. 3, two inputrms-voltage conditions (110 Ms and 220 Vms are used to
check the peak currents in Mode | and Mode II; other conditiom¥=400 V, L=230nH,

P,=300 W anda from 0 to 1.
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Fig. 3-4. Peak inductor current by-ratio.

As shown in the plots, the maximum peak inductor curcantbe reduced by higherratio.
With the value ofa=1, the mainum peak current can beduced by 2.2 A (26.2%) in 110
Vims case and 0.75 A (14.4%) in 220wy case, respectivel\since the peak inductor current
in each switching cycle is equal to twwff current of devices, it has influence on taff
switching losseand converter effiency.

With the average equation &, in (9), component rms currents two switching cycles
(6)7 (8) can beextended to lineycle (T1) calculation.By substituting(9) for (6)1 (8), the rms

currents of major parts can balculatedoy (12)i (14).
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3+a 2 1 + f [
iS rms( D @ \/(]7/ / d 3 V Vln rms V |n rms (12)
. Vin.rms 1+a |n rms

(]7/34‘3/ 2)(1 +a 3 Vin.rms Vin rms
ID e C\Vm rms \/ (1+ a) Vin rms (13)

H 2Po Vin ms 2|:)0
IL.rms('ll) @V- V :ka V. (14)

wherek, :\/( 134/ 2( 1 # /(1 ¥.Therms currents in a lireycle can be used for

component conductieloss calculations. For switch&s S and inductolL, conduction losses
are proportional to square of rms currents; for didadg®,, their forwardconduction losses
are directly proporonal rms currentsThus, from(12)i (14), it can be noted #i conduction
losses ofdiodesare proportional tk, while conduction losses of switches and inductor are

proportional tak.2 In Fig. 3-5, the tendency curves &f andk,? are plotted witha from 0 to 1.
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Fig. 3-5. Conduction loss coefficientsy a-ratio.
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As shown in the plots, conductidoss reductions cabe achieved byigher a-ratio; with the
case ofa =1, diode conduction losses can be reduced by 3.29% and conduction losses from
switches and inductor can be decreased by 6.24%

In Summary,by using highera ratio in the proposed thrdevel CRM control scheme,
TLB PFC can have operational benefits including switching losses reduction, conduction
losses reduction and efficiency improvement. The mitigated switching losses are enabled by
reducton effects of switching frequency and peak taff currens while the reduced

conduction losses are realizeglowered rms currents

3.3 BasicPFC Regulations

As a sort of PFC converter, TLB PFausthavetwo basicregulation capabilities on input
PF and dcoutput voltage First, for achieving high input PF close to unity factor, average
input currentis needed to baligned in phase with ac input voltagéhe inphase condition

can be guaranteed when average input current and ac input voltage hawegowrigmal
reIationship(E:k Q) ). In the proposed threlevel CRM control scheme, the two input

variables in(5) can become proportional to each other whéis small enough to be neglected.

If the condition is satisfied, the®) is approximated t¢15).

— £T, (1+a)

fl.
n = %ZL (1+a/2) %,m (19

However, as analyzed in the previous section, the proposed control scheme can bring
more benefits when higher value isimplementedIt means that a technical tradé exists

at the selection o& ratio. Thus, if a highera is selected in the proposedéklevel control
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scheme, significant reductions of switching and conduction losses are expected at the cost of
input PF decrementin Fig. 36, the simulated input PF results are plotted based on two

nominal input voltages and conditions\@F400 V,L=230 nH, P,=300 W andza from O to 1.

0.995
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0.99F-

0O 01 02 03 04 05 06 07 08 09 1

0.96

0.955

PF

0.95

0O 01 02 03 04 05 06 07 08 09 1
a

Fig. 3-6. Input PF curvedy a-ratio.

As can be seen, input PF of TLB PFC goes lower @alueincreases and the decreasing rate
becomes steeper arouad0.5. This tradeoff should be considered at the control design stage
and propeboundaryof a is necessary for the proposed control scheme.

Secondly, deoutput voltage control must be guaranteederwide-range loadcondition
The output voltage control is generally based feedback control structure and typical
feedback compensators such as proportioriagral (P1) can be used for thegulation For
designingthe compensator, derivation of conttotoutput voltage transfer function is needed
and common oitime Ton is generally used as control variable in CRM control schemes. The

transfer functiorGw(s) betweenTon andv, can be derived t¢16) from smalisignalmodeing.
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3 2 (1+a )
G.(9=509 R W (1+a) 41 16
E(9 4LV, (1+a/2) 14CR/ 4
whereR, is the equivalent load resistance & the output capacitance 6f andCa.
For the proposedhreelevel CRM control schemey Pl-type voltage compensator the

form of (17) is usedand total closed contrddop gainTy (s) can be formulatedy (18).

HV(S)=ﬁ§é T (17)
S¢ W,
T(9=H(9 G(3 RV (18

whereFM is the modulatiomatio in pulsewidth-modulation (PWM) in DSP control unit. is
generalpractice to set the culff frequency of closedbop gain at relatively low range near
1i 5 Hz, which is less than line frequency by an or@grdesigning in tat way, the result of

voltage compensatpfon, can remairunchangedluring50/60-Hz line cycles.
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Fig. 3-7. Bode plot of transfer functions
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For the proposed CRM control scheme, PI gainkl# are selectedo k,= 5 10° and ws=
2p3 5. Fig. 37 shows the bode plots of transfer function$1i6)i (18) based on the designed
compensator and the design abtainsufficient phase margin near 90 degree at theoffut

frequency 1.67 Hz.

34 Soft-Switching Turn-on

As one of ZCS control technique, the proposed tleeel CRM control scheme begins
every switching period with zer@urrent turron. Although inductor current waveforms in
Fig. 31 and Fig. & are drawn with linear shapes before and after ZCD momentsjrpre
on processvith resonancehysically existsaand its duration should be considefefore new
switching periodbegins Since two switche& and & are always off before new switching
cycle, the switckHunction capacitor€essarefully charged and the charged voltages should be
dischargedenoughfor upcoming conductionn Fig. 3-8, the discharging path is illustrated

and it shows that th@ischargingcurrent faces the twBossand boost inductdr in series

——
L + +

;Sl J:":‘E: (—Woss VdSl

+
Vin @ Vs

+

ASYZ JEE: (—woss vd 52

Fig. 3-8. Preturnon process ithe proposed scheme
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Due to the resonance condition in Fig83thedischargingcurrent through inductoand the

voltages across two switchedl have resonance frequency(ib9).

¢z 1 1
- zp\/ I-res d):res 2 R/ L CQSJ 2

(19

During the preturn-on resonant periodey waveforms othe proposed CRM control scheme

by input voltage rangean be described with Fig-B
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Fig. 3-9. Key waveforms opreturn-on proces$y input voltage range
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As can be seen, dratn-source voltag®gs of eachswitch starts decreasing when the inductor
current reaches at zero and turns to negative to release ckasgddhe voltagesqs andvage
go down in the sinusoidal form with resonant frequendiL# and amplitude of\(c-vin)/2.

In Mode | (vin<Vo/2) of Fig. 39, the drainto-source voltagesra pulled down to zero by
the resonant discharging after the zemorentmoment After reaching at zero, the dratio-
source voltages are clamped to zero and induadiage becomes equal to input voltage,
synthesizing linear current increment wikkiL slope.As a result, at the beginning moment of
new switching cycle, both switchésrn onconducted with ZCS and zexwmltage switching
(ZVS) characteristicsConsidering these principles, the jpuen-on process in Mode | can be
divided into two as resamt delay zonet{ and linear increment zonéx(); the total duration

of pre-turn-on processq can be calculated as follows.

_ g 1 48 v @11 v VA
t, =t  pF—— co® E I —= 2 20
“ r " T 2p fI’ES ? VO- Vin % T ﬂres Vln Vg : ( )

In Mode Il (Vo/2<vin<Vo), the discharging level of draim-source voltages is different
from that of Mode | due to the input voltage rangéth the resonance amplitud®ofvin)/2,
the drainto-source voltagesn Mode Il cannot reach at zerds shown in Fig. 3, the
resonantvgs and Vae reach at the lowest voltagein-Vo/2) after a half period of resonant
frequency.In order to minimize turon switching losses as much asspible, it is necessary
to turn on both switches at the moment of lowest di@isource voltagesThen, required

delay durationtgz) in Mode Il can be calculated Kg1).

1 C.
t, =——— L & 21
a2 = 5% Y > (21



This type of switching operation is widely usedMode Il of CRM contros and called as

valley switching (VS) method.

3.5 Passive Component Guideline

In the TLB PFC topology, there are two passive components, inductor and output
capacitors. Ingeneral component design and selection guidelines reessary for those
passive components; there are several things to be considered in the design and selection
procedure$64]i [66].

First, for inductancé value, two physical factors ghld be taken into account: minimum
and maximum frequencies of variabkwitching frequency CRM operation. Minimum
frequency is generally designed beyond 20 kHz (e.g4@XkHz) in order to avoid audible
noise. Maximum switching frequency is designed less than gate@rivaximumoperating
frequency.After getting the bouthary of switching frequency, acceptable range of inductance

L can be acquired b§22).

2 (1+ =V
L - Vln.rms O( a) > V({'J\ V|n (22)
ZR) fSV\(min/max) 1+ 8/2) Vo

Secondly, for the output capacitand@=C:=C;) selection,voltage ripples on output
capacitor voltage are important factorg-rom the total outpwtoltage point of view, the
effective output capacitance @2 and dominant frequency is fundamental line frequency.
And, the voltage ripples are maximized when outipuat fulFload Pomax condition. Thus,
considering all the factors, the relationship betwestput capacitance and desired voltage

ripple limit DV, can be formulated by inequality {83).
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92 Fz).maX QL (23)
2 2pfV, DV,

3.6 Performance Assessment

In this section, TLB PFC with the proposed CRM control scheme is evaluated with
several performance factargludinglosses, PF, THD and EMI. Tendencies of the factors are
discussed witha-variationand compared with conventional tdevel CRM control scheme

which is identical taa=0 case.

1) Loss analysis In the TLB PFC topology, seven major components exist:stimitchesS;i
S, two diodesD1i D2, inductorL, and two output capacitofi C,. Each component has two
kinds of operating losses which are switchietated losses and conductiorlated losses.
Among them, losses from the two output capacitors are small enougghneglected.osses

from the other five components are listed in Table\8ith variation ofa-ratio.

Table 31. Loss Breakdown witle-variation

a-ratio
Components Losses
0 (triangular) — higher
Ps.sw. Highest — Lower
Switches(Si1 &)
Ps.ca. Highest — Lower
Por. Negligible
Diodes(D1i Dy)
Pb.cd. Highest —» Lower
PL core Highest — Lower
Inductor(L)
PL,cd. Highest — Lower
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For clear understanding, all the switchiregdated losses and conducticelated losses are

formulated in(24) and(25), respectively.

P, @IH Ey fo,dt

P (24)

PL core Vcored AB H fSW(j‘t

o)

2
I S rmé 11 R
PD.cd. @I D.rms(I)VF (25)

— 2
I:)L.cd. - IL.rms('[) RL

S.cd — ds c

whereEqs is the turroff switching energy of switched/ore is the volume of inductor core,
AgiH is the swing area otoreB-H curve,RusoniS the switch ofresistanceyr is the forward
drop voltage of diode, arfd_is the equivalent resistance of inductor.

As analyzed in section 3.2, switching frequefigygoes lower as the value afis set to
be higher valueEo and Asin can be also smaller because the -nifncurrent and peak
inductor current are reduced by higheratio. Thus, all the switchingelated losses except
Po.r can be reduced by increasirg The reverseecovery lossPp of two diodes is
originally negligible becausthe ZCS turrof switcheseliminate the reverseecovery issue

For conductiorrelated losses if25), all the rmscurrent terms are alreaghyoven to be
reduced by highea value from Fig. 35 and equation§l2)i (14). Thus, regardless of series
resistances and forward drop, the conduet@ated losses can be also improved by setting

nornzero a-ratio in the proposed CRM control scheme.

2) Input PF: As mentioned in section 3.3, the technical traffeof proposed thredevel

control scheme is decrement of input BExpected drops of input PF at fldlad condition
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are about 1% for both 110\ and 220 Vms Nominal voltagesin general, input PF becomes
worse as PFC converter optes at lighter loadondition which meanghat the input PF
under the proposed control coude further decreased over than 1% at ligged condition.
However, as plotted in Fig-8, by properly limiting the range @f, severe PF decremecan
be avoided. In the followingexperimental verification section, the rangeaah the proposed

control method is limited from O to 0.3.

3) THD: In addc PFC rectification system, low THD can be practically interpreted with
reduced peaks of harmonic components. Accordingly, it is salolepto evaluate input THD

with the calculation of26) [67].

a ('in,pku))z
=2 (26)

Iin, pk(1)

THD =

where iinpkj) is the peak current gfth order harmonic.in CRM operations, the major
harmonic components come from variable switcHmeguency range. Since the peak
inductor currents can be reduced by higlaertheoretical value of THD is expected to be

reduced by the proposed thileeel CRM control scheme.

4) EMI : In the CRM operations of TLB PFC, mairME components arelifferentiatmode

(DM) EMI which are resulted from high current ripples and pe8ksethe design ofhigher
a-ratio can bring the reduction of peak inductor current, it is natural to expect the maximum
magnitude of DM EMI can be reduced by the propabeeelevel CRM control scheme. In

Fig. 310, BMI simulationplots are presented for both DM and comrmade (CM) cases.
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Fig. 3-10. EMI response$y a-variation

As highlighted with arrowsn the plots, the effects afincrementdrom 0 to 05 can be found
by peakreduction of DM EMland decreased range of switching frequendiéss, it can be
said that the proposed thrsvel CRM control scheme can suppress DM EMI magnitudes by

just using nofeero a value inthe modulatiorscheme.

3.7 Digital Implementation

The proposed CRM scheme can be easily realized by digital implementation in DSP. In
order to accomplish the implementation, external ZCD circuit and modulation algorithm

should be equipped with DSP control unit.
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First, external ZCD circtiiis depicted in Fig. -31. It consists of four components

including secondary winding of inductor, resistor, capacitor and zener diode.

RZCD

to DSP
pins

.
»

Fig. 311. External ZCD circuit

The secondary wire converts the inductor voltage to lower voltage level. Then, the reflected
voltage is applied to thR/C/Zimpedance network. The role Bcp is to limit the current

flow to DSP side under certain lev@he value oRzcp is generallyselectedo several Wto

limit the current in mA range~or selectingCzcp, time constant formed byRzcp and Czcp

should be considered. From the previous literatures regarding ZCD scheme, the time constant
is designated to be quarter of the-pwenron resonant period if19) to detect theaccurate

ZCD moment.Then,Czcp can be determined W27) [63].

_Tres 14 L@oss/ 2

r= &CD C:ZCD 4 = 2 (27)

The voltage across the parallel capacitor and zener diode @slgitennected to differential
comparator inside DSP control unit. Therefore, zener diode with breakdown voltage\3
is necessarin the external ZCD circuifior DSP protection purpose

Secondly, hardware/ise connection inside DSP controller and ailfppon generation are

required. In Fig. 412, control block diagram of proposed CRM control scheme is illustrated.
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| ZCD
H% ZCD PWM | Ton ADC |+t Vi,
. .
.| circuit || g 1%10th1;6 v, ADC 1V,
ullt-1n a =2
analog '
comp. a-mode Compensator
toggle H,(2)
DSP: TI TMS320F28377D

Fig. 312. Control block diagram

The output of external ZCD circulinks to direct input of internal analog comparator which
can trigger ZCD signal#t the ZCD moment, DSP controller resets PWM modul@ss on
both switchesS, and S, and toggles the conducted switchTinduration.Detached from the
ZCD signals, regular intewpt routines are produceslerysampling frequency anelxecute
compensation of output voltage with designed voltage compendatés a result, common
onttime Ton is resulted and provided to PWM modules.

In order to explain practical implementation with real D%, example of digital
sequences is shared witwidelyusedmodel(TMS320F28377DTexas Instrumenjsin Fig.
3-13, key waveforms of several DSP control registers are sH6®jh Matched digital

sequences are explained in detail as follows.

1) Basic control setup ePWM register [PHSDIR] is assighed to toggle between 0 and 1
whenever the analog comparator in FiglZBsets the ZCD signals. The role of [PHSDIR] is
to determine the ePWM countgirection [CTRDIR] at the next trigger event. By the value of
[CTRDIR], the ePWM counter [TBCTR] goes up and down. And, ePWM phase register

[TBPHS] is the numerical location where the counter will move to, whenever the ZCD signal
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t.w‘ Vi |
Ton T4 Logr Ton T, logr
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S, | [,
) Iz, pk~
Ir
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ZCD -~
signal .
TBCTL . . s . |
[PHSDIR] 0 —& — I N
TBSTS IJ— - ___L .
[CTRDIR] 0 — — T dowe —
cl’i\\'l\llL‘.\lP.\i ......
cP\'\'I;\ll.Cl\lP:\-------; i | |
TBPHS - g X
TBCTR Wz CMpB—
/ ] PWMLOMPBT T e |

0 / fm 21.5'”'

ePWMI1.CMPA = TBPHS + FM t,,; time
ePWM2.CMPA =TBPHS + FM-(1+a)t,,.
ePWMI1.CMPB = TBPHS — FAM(1+a) 1,
ePWM2.CMPB = TBPHS — FAL¢,,.

Fig. 3-13. Key waveformsof digital implementation with Tl 28377D

goes up By these basic settingsritten in initialization codethe ePWM counter [TBCTR]

can move ashownin Fig. 3-13.

2) ZCD interruption: At the moment of ZCD, the builh analog comparator produces ZCD
signals. Then, an immediate interruption in DSP will be executed to toggle [PHSDIR]; ePWM

counter [TBCTR] register is replaced by the-petermined [TBPHS] value.
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3) Regular interrupt routine: In sampling frequency cycle, a regular interrupt routine is
activated and output voltage compensation is conducted by PI controller. Then, the common
onttime Ton IS generated andonvertedto an ePWMscale value. Now, the scaledlue is
provided toePWM modules and compared with ePWM counter [TBCTHR].setting the
comparison registers (CMPX) as in the box of Fig.33the toggled driving 0% and < for

T. durationcan be realized.

By combination of step®)i 3) on the basis ofsetting 1), the proposed threlevel CRM

control scheme can temabled bypSP control unit.

3.8 Experimental Results

In order to validate the effectiveness of proposed CRM control scheme, a prototype of
TLB PFCin Fig. 314 has been builand tested by setof expeiments The specifications of

experiments are summarized in Tabig.3

To built-in
i comparator
pins in DSP

— a iput
diode-bridge

- 1 “ . “- vy "
- Ext. ZCD
- circuit \

Fig. 314.Prototype of TLB PFC with DSP control unit
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Table 32. Experimental specifications

Input voltage 110/220 Vs
Output voltage 400V
Full load condition 300 W
Switches &, $) IPW60R041P&Coss=310 pF Ruson=41 M)
Diodes Di1,D>) C4D10120D(ve=1.4 V)
Inductancél) 230H (turnratio 21:1 for ZCD circuit)
Output capacitancg) 470nF
ZCD circuit Rzco=9 KW, Czcp=33 pF,Zz3v: MMSZ5221BT1
DSP control unit Texasinstruments TMS320F28377D
Sampling frequency 50 kHz

110 Vims and 220 Vs are used input voltages since the two voltages are nominal uriversal
line specifications all over the glob&he prototype is tested from 60 W (20%) to 300 W
(100%) load conditions. Passiv& components and parts in the external ZCD circuit are
selected based on the guidelines. For DSP control unit;lamuse digital control board using
T1 28377D chip has beemsed to realize the proposed CRM control scherhe. range of
testeda is from O to 0.3.

In Fig. 315 and Fig. 316, inductor current waveforms bg-variation are shownfor
different inputranges Mode | and Mode lIrespectively The two figures are capted when
the input voltage crosses 100 V (Modeil<Vo/2) and 300 V (Mode 11Vo/2<vin<Vo) during a
220 Vimd300 W test.As can be seen, one switching cycle of the proposed CRM control
scheme consists of four operation steps including commetmen singleswitch ontime,
common offtime and preurn-on resonant process; the gremor highlighted boxes present

the duraton of singleswitch ontime T..
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Vi [100 V/diy Vin [100 V/div] -
b e > / \/—’/"
[T A | i 1 Al [2 us/div]
(b)
Vin [100 V/div] Vi, [100 V/div]
i R e e
| = » / \ e
. — — N~
"L [1 Afle] [2 us/div] IL [1 Ar’le] [2 us/div]

(c)

(d)

Fig. 3-15. Example of inductor current waveform in Mode |

() a=0 (b) a=0.1 (c) a=02 (d) a=0.3.

1, [100 Vidiv] IS ns/div]

Vi [100 V/di

wv] [5 US}diV]

i7 [2 A/div]

/

|
(a) (b)
Vi [100Vidiv] S usidiv] Vi [100 Vidiv] 5 ns/div]
/H»\*[g ZA/‘div] \wz Afdiv]
[ \\ / o \\J

()

(d)

Fig. 316. Example of inductor current waveform in Mode Il

(a) a=0 (b) a=0.1 (c) a=0.2 (d) a=0.3.

50



It can be notedthat the TLB PFC prototype can perform the tHesel current
modulation as expected based on digital implementation with DSP controlTheitpeak
inductor current and frequency of one switching cycle become reduced in both voltage modes
as the valuefoa is set to higher value, which shows good agreements with analysis.

In Fig. 3-17i Fig. 3-20, steadystateCRM waveformsof TLB PFC with a-variation ae

arranged by different input voltage and load conditions

[5 ms/div] [5 ms/div]
v, [200 V/div] v, [200 V/div]

Vin [200 V/div] iz [10 A/div] iz, [10 A/div] Vi [200 V/div] 77 [10 A/div] 7, [10 A/div]
(a) (b)

[5 ms/div] [5 ms/div]

| Vo [200 V/div] Vo [200 V/div]

Vi [200 V/div] 77 [10 A/div] 7;, [10 A/div] Vi [200 V/div] iz [10 A/div] 7;, [10 A/div]
(c) (d)
Fig. 3-17. Experimentalvaveforns by a at 110V msand 306W (100%) conditions

(@) a=0 (b) a=0.1 (c) a=0.2 (d) a=0.3.

51



[3 ms/div]
Vv, [200 V/div] -

[5 ms/div]

v, [200 V/div]

Vi [200 V/div] ig [10: A/div] 1, [10 A/div]

Vi [200 Vidiv] 71 [102;&-*“(1‘1'\'] iin [10 A/div]

A~ N

(a)

[5 ms.f div]
Vo [200 V/div] -

(b)

[5 ms/div]
Vo [200 V/div]

Vin [200 V/div] if [1oj A/div] 73, [10 A/div]

A~~~

N N \
Vi [200 V/div] 7z [L0 A/div] i [10 A/div]

(©)

(d)

Fig. 3-18. Experimental waveforms by at 220-V.ms and 306W (100%) conditions

() a=0 (b) a=0.1 (c) a=02 (d) a=0.3.

[5 ms/div] [5 ms/div]|
Vo [200 V/div] | V, [200 V/div] :
L T g 1 1 : P P, G : =SNG :. i N , 5 o B % : | s, “

Vin [200 V/div] 7z [3 A/div] s, [5 A/div] |

(a)

Vin [200 V/div] iz [5 A/div] iz [5 A/div]

(b)

[5 ms/div] [5 ms/div]
Vo [200 V/div] v, [200 V/div]
|
TN D 7 i P NN N

;
Vin [200 V/div] iz [5 A/div] i, [5 A/div] |

©)

Vin [200 V/div] iz [5 A/div] iz, [5 A/div]

(d)

Fig. 319. Experimental waveforms by at 110V ms and60-W (20%) conditions

(a) a=0 (b) a=0.1 (c) @=0.2 (d) a=0.3.
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[3 ms/div]

[5 ms/div]

Vo [200 V/div]

Vin [200 V/div] 7z [5 Addiv] g, [5 A/div]

Vo [200 V/div]

Sy ——

Vin [200 V/div] iz [5 A/diy] iz [5 A/div]

(a)
[5 ms/div]
Vo [200 V/div]

| Vo [200 Vidiv] |

(b)

[5 ms/div]

Vin [200 V/div] 7z [5 A/div] i, [5 A/div]

(©)

i

Vin [200 Vidiv] iz [5 A/diy] iz, [5 A/div]

(d)

Fig. 3-20. Experimental waveforms hy at 220-Vms and60-W (20%) conditions

(@) a=0 (b) a=0.1 (c) a=02 (d) a=03.

From the experimental waveforms, two aspects of the proposed control scheme can be

found. First, basic PFC regulati@apabilitiesincluding input PF and doutput voltage are

verified with the results. Although the #phase alignment between the averagrii current

(in) and the input voltagesi) becomes dislocated in cases of higher input voltage and lighter

load, the input PF remains in reasonable range throughout the-opei@ting rangeby

properly limiting the range of up to 0.3.For the deoutput voltage regulation, all the

waveforms show that the output volta@e) is well controlled to 400 V as desired/hich

proves that the design and implementation of voltage compensat&rwell. Second,the

peak inductor currents of all cases are effectively reduced with higbetup.In Table 33,

measurement results of peak inductor currents are summarized.
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Table 33. Measured peak inductor currents

Vin = 110 Vims
a=o0 a=0.1 a=0.2 a=0.3
300 W (100%) 8.62 Ax 8.19 Ax 7.72 A 7.58 Ax
60 W (20%) 2.08 Ax 2.03 Ax 1.97 Ax 1.83 Ax
Vin = 220 Vims
a=o0 a=0.1 a=0.2 a=03
300 W (100%) 5.41 Aw 5.18 Aw 4.9 Ak 4.73 A
60 W (20%) 1.42 Ax 1.38 Ax 1.35 Ax 1.29 Ax

From Fig.3-21 to Fig. 323, measurement curves obnverter efficiency, input PF and

input-currentTHD are plotted.

97
9| o6 [
95
§ 4 c\j ’ 94
Z 94| w93
5 5 92
2 03] | 2 o1l -
— - P -
58 - 0.=0.3 m 90 == a=03
9l |~ a=0.2 . e a=0.2
- a=0.1 g0 [ | —a—a=0.1
-—- o= 0 (conv.) —e- 0. =0 (conv.)
o1 [ Boost PFC . 88l .Boost PFC
‘ i i i 37 i ‘ i i
0 20 40 60 80 100 0 20 40 60 80 100
Load (%) Load (%)
(a) (b

Fig. 3-21. Efficiency measurement by loa¢h) 110 Vms (b) 220 Vms
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1 0.95
0.98F 0.90F i TR
0.96f 0.85 i
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Ay 0.95F (a®
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0.93+ -\ a=0.3 . = =03
- a=02 - a=02
: -e- a =0 (conv.) ' -6- a =0 (conv.)
0.91 = : . ‘
0 20 40 60 80 100 0 20 40 60 80 100
Load (%) Load (%)
(a) (b)
Fig. 3-22. Input PF measurement by log@d) 110 Vs (b) 220 Vims
20 nl 7
= a=03 - a=0.3
18F |- a=0.2 = P1) ——, |ea=02 |
== g =0.1 2= =01
-e- a =0 (conv.) -6- a =0 (conv.)
161 S 18 L
S <
g | ~ lop
a al
- o S
B~ 12 b —~ | 1) ST N
0 20 40 60 80 100 0 20 40 60 80 100
Load (%) Load (%)
(a) (b)

Fig. 3-23. THD measurement by loadga) 110 Vms (b) 220 Vims

As shown in Fig. 21, measured efficiencgf TLB PFC with conventionaltwo-level
modulation casea=0) becomes worse as load condition goes lighter. It is mainly due to the

fact that variable switching frequency of CRM operation goes very high, especially going up
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to 850 kHz range at 20% loadccordingly, switching losses from switches and inductor are
dominant among major losses. However, by using-zen a in the proposed threlevel
control scheme, the switching frequency and -ffrpeak current decrease so that converter
efficiency can be improvedOverall, @ 110 Vms input condition more than0.5%
improvementis measured andl.2%improvements olservedfor light loadin a=0.3 caseAt
220 Vims, efficiencyis increased bynore than 0.3% in entire load range dyd1% at light
load condition Compaison with boost PFCconverter is also conductersing one boost cell
of the TLB prototype In summary,TLB PFCwith U>0.1 showsbetterefficiency at lightload
than boost PFC for both input voltage conditicais220Vms, full-load efficiencywith U=0.3
is almost comparableto that of boost PFC.Entirely, the measured efficiencat 110 Wms
shows betteresultsthan 220 Vs it is mainly because 110 ¥sis alwaysworking in Mode |
sothat ZVS+ZCS turron can beachieved. Howeverfull-load efficiencyat 110 Vims is less
thanthat 0f220 Vims dueto significantdiode conduction losses by high curreanditions

Input PF curves in Fig.-32 confirm that tradeff of the proposed threlevel CRM
control scheme is decrement of input PF. Howevereeemmendedh the analysis, properly
limited a rarge can avoid severe input PF drop. By udihgtio up to 0.3for the prototype
experimentsthe decrements of input PF in both input voltages are less than 0.4% compared
to the twolevel triangular modulationase(U=0).

THD of input current plotted in Fig.-33 shows good agreement with the analysis that
expected improvement of THD due to the reductions of peak inductor current and
corresponding peak harmonic conteritie effectiveness becomasticeableat lighter load

condition. Maximundifferences offHD betweenJ=0 andU=0.3 are2.5% at 110V md60-W
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conditionand by 1.3% at220-Vmd60-W condition respectivelyOverall, improvements of

THD results ar@bserve in wide operation rangly higherUsetupin the proposed scheme

3.9 Chapter Summary

In this chaptera threelevel CRM control scheme is proposed for TLB PFC. Different
from conventional twdevel triangular modulation, the proposed schdully utilizes three
level currentslope shaping capdiby in each switching cycle. By using the scheme, TLB
PFC can be rewarded with reductions of switching frequency, peak current and switching
losses as well as efficiency improvement. However, the degradations of input PF is shown as
a tradeoff, which limits the range of proposed scheme in term&ldfhus, compensation
method for input PF drop is needed to be considered as a futurelmvaddition, there is no
special balancing method for two outfapacitor voltages except thiermode toggling
betwean S andS. The unbalancing issusuld surface withseverevoltage differences the
load goes heaviesind the operations in the two boost cdliscomemore asymmetrical by
higher U setting also, at the lighter load, CRM switching frequency will be much higher than
sampling frequency in DSP control unit. Thus, comprehensive works on balancing method

with DSP utilizationshould beurther studied.
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Chapter 4.
Three-Level DCM Control Schemewith Adjustable
On-Time

In this chaptera threelevel DCM control scheme is proposed foitB PFC converter.
The basic thre¢evel current modulation in Chapter 2 is applied to fiesjuencybased
DCM control format with a feature of adjustable singgaitch ontime t.. By properly
adjusting the duration of, in each fixed switching period, inductor currents can be
synthesized in quadrangular waveforms and can work istiapeof CRM operations. Main
advantages of the proposed scheme are that high peak inductor current in DCM can be
sufficiently reduced to CRM level, while fixefdequency DCM frame doe@nneed to suffer
from high switching losses of CRM operation even undghrtlioad condition. In brief, the
proposed threéevel DCM control scheme can have benefits of both DCM and CRM methods.
Research background, operation principles, key equations, balancing scheme, and
comparative analysis are included in this chapter. tAo$erototype experiments is also

delivered to support theroposal and analgs

4.1 Background

As mentioned in the introdtory chapterthe two ZCS control methods, DCM and CRM,
have been widely employed in univerfiak low-power applicatios due tono reverse
recovery issue antbw-cost systendesign Although both ZCD control schemémsve been
positioning in the similarapplicationfields with overlapped rolgstheir characteristics are

distinctly far from each otheassummarizedn Table4-1.
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Table4-1. Characteristics of DCM and CRM.

DCM CRM
Switching frequency Fixed Variable
Peak current Higher Lower
High switchinglosses Heavier load Lighter load
operating region Lower input voltage Higher input voltage
Frequency spectrum Concentrated Distributed
DM-EMI amplituce Higher Lower
Filter design criteria Simple Complicated
Current sensing Not required External ZCD circuit

Major factors that bringhosedifferences are switching frequency and peak curierel
First, in terms of switching frequency, DCMworks with fixed frequency while CRM
experienceinherently changingfrequency.Variable frequencyangeof CRM goes higher
when averagenput current becomes smaller. Thus, CRdperationssuffer from high
switchingrelated losses #lighter load and higher rms inpabnditions Distributed EMI
noises on frequency spectrum due to variable CRM frequency makefiltgrutdesign
complicated. On thecontrary DCM operation can bring relative benefits from fixed
frequency operation. Includes lower switching losses and higher efficiefusywide-range
load conditionsanddefinite input-filter design criteria due to fixed frequency spectrum.

Secondfor peak current level, DCMperationexperiences higher peak inductor current
in a swithingcyclethan CRM, under same operating condition. Accordingly, current stresses
of DCM PFC are higher and larger teoff losses are expected by higirn-off current at

heavier loads. Higher peak current also causes larg&eMMamplitudes furthermoe, dense
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frequency spectrum of DCM PFa& one frequencynakes EMInoisesmuchlargerthan CRM
PFC which hagnherentspread spectrunOn the other handCRM PFC shows relative
strength in lower currdrstress and DMEMI ampliudes.

For many yearsthere hae beerperformancemprovementn efficiency, input PF and
THD of DCM and CRM PFCs, separatelfhen, receiy, researchattempts have been made
to get the operationalmerits of bothZCS methodsat the same tim¢69]1[72]. In [69],
variable ortime ton feedforwardwas devisel for conventionalboost CRM PFC to obtain
fixed switching frequency. Theontrol method $9] achieved fixedfrequencybased CRM
PFCoperationfor the first time and rewarded with efficienogprovementand reductions of
peak currentswitching losses and output voltage rigpldowever, inductanck is required
to changedepending on input rms voltagenditionsand input PF drops significantly as a
tradeoff. To solve the issues, two different approaches weteed in [70]7[71]. In [7Q],
variable inductancesircuit and controlmethodwere proposed foboost CRM PFC; the
method can provide reéilme changinginductance in response to wide input voltage variation,
which wasphysical issue ofd9]. In [71], switchingfrequencyoptimizationcontrol based on
harmonic content analysigasintroduced tacompensatéput-PFdrop in [69] which became
severer at higher input voltages. By the method, fixequency CRM operation becomes
guasiconstant frequencies in limited range arfd Wasimprovel. In [72], to reduce high
peakinductorcurrent and increase input PF in bob&M PFC, boundary inductance control
with optimized third/fifthorder harmonicsvasfacilitated DCM operationsn [72] achieved
not onlyimprovemers of input PFand efficiency but also reduction of peakductorcurrent

device current stressaad turnoff losses
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The stateof-the-art researchsin [69]i[72] wereable to attairmerits of both DCM and

CRM by realizing fixed frequency operation and reduced peateruwith minimum PF

drops. Howeverhighly distorted input currenat higher inpuivoltage conditionby third

harmonics was found in commaihe commontendencyis plotted in Fig.4-1.

Peak current envelope (A)

/2 3m/4 i
Angle (rad)

Fig. 4-1. Input currentdistortionby inputrmsvoltage[69]T [72)].

Due to the distortions by harmonic contents, testngati of boost DCM/CRM PFC

experimentsn [69]i[72] were limited to 120 W, not to violate the thindrmonic limit of

IEC-610003-2 ClassD (<600 W) standard73]i [74]. The main reason is originated fino

lack of degreef-freedom in those conventional tweevel boost PFCcontrok. As

demonstratedh Fig. 4-2 of the next pageboost PFC in DCM and CRI4 controlled by the

onttime Ton Of main switch and there is no other control optiorlessthe passive diode in

topology is replaced by active switcfihus, wth the limited control variableTon, the

researchers irbP|i [72] had to optimizelon by calculation andeedforwardit.
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Fig. 4-2. DCM and CRM modulations of twievel boost PFC

In order to maintainfixed-frequency period, howeverlon should be longer enough at lower
input region and shorter at higher input region both DCM and CRM operation8y the
mechanism, thirdharmonicorienteddistortion in Fig.4-1 is inevitable while keeping PF at
certain level.

In this chapter following the researchtrends in p9]i[72], a fixedfrequency thredevel
current contrbfor TLB PFC is proposed. Ehproposed method alsims to get the merits of
fixed switching frequencyand reduced peak current, based tbe thredevel current
modulation scheme introduced in ChapterFar a given fixedswitching period the new
methodcalculates required duration of singieitch ontime t, in each switching cyclenot
the common oitime Ton. And, it adjusts the duration to make inductor current in
guadrangular CRM waveformf which nonzero durations are fitted to given switching
period At low input region like zerarossing, however, it is natural for fixdédequency TLB
PFC to enteDCM. Thanks to theconcurrentbenefits of DCM and CRM, the proposed
control can reduce switching lossasd current stress@s wide-range input voltage and load

conditions In addition it can satisfy harmonic limits of IE610063-2 up to 300w,
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overcomingthe power limitationof [69]1[72] due tothird-harmonicdistortion in twalevel
boost PFC. A simple voltage balanciagproachs also included in the proposé#ireelevel
DCM control scheme Operation principles, key equations, comparative yaegl digital

implementatiorand experimental verificatiorsse delivered step by step.

4.2 ProposedThree-Level DCM Control Scheme

In order torealizeconstantswitching frequency, twdevel DCM control scheméecomes
a technicalfoundation of the propesl method The fixed switching period is expressed by
Tsw. The capital and lowetase letters present constant values and-vangng values,
respectively.To explain the operation principlesno basicassumptions are introducess

below.

1) A switching periodTsw is much shorter thaac line periodT:. Thus, in each switching
cycle,it can be assumed thaput voltagevin remainsconstant.
2) Output voltageVs is regulated by slovdynamic voltage compensator. The compensator

results in commoon-time Ton Which remainsalmost constant foacline cycles.

Based on theunderlying assumptions, key waveforms of the proposectelevel DCM
control schemeare shownin Fig. 4-3; in the figure four switching cycles are showrefore
and aftenvin=Vo/2. The key concept giroposedperation is simple. In each samplipgriod
DSP control unitreceivessensednput and output voltages, amgtnerateshe common on
time Ton by running feedback voltage compensator; then, requdedation ofsingleswitch

onttimet, for eachswitching perioccan be calculated based on fieen information.
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Fig. 4-3. Key waveforms of proposed adjustable thieel DCM control scheme.
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By doing sozerocrossing moment of descendimgluctorcurrentcan be matched the end

of fixed switching periodTsw. It can be noted from Fig.-3 that the concept @daptivet, can
obtainquadrangular CRMhapedwvaveforms under the varying input conditions. The three
level DCM control scheme consists of threeluctorcurrentslopesin one switching cycle
Vin/L for Ton, (Vin-Vo/2)/L for t, and {in-Vo)/L for torr, respectively The current slope in each
step changgas input voltage varies. Especially for the slopt gluration, the polaritpf (vin-
Vo/2) can be either positive or negatidepending on the input voltage range

Fig. 4-3 shows that conducted switch in singl@itch ontime t, duratiors is toggled
betweenS, and$ by turns as the same approach with balanatigmpt for CRM control in
Chaper 3 The main purpose is to mitigate unbalancing phenomenon between output
capacitor voltagesc: and vco. However, only with the toggling approach, it is practically
hard to achieve voltage balancing fbe proposed DCM control scheme. It is because the
duration oft, goes much longer thahat ofthreelevel CRM case (e.ga=0i 0.3) in order to
match the zer@rossing point of. to the end offsw, causing more asymmetry between the
two boostcell operationsThus, for the proposed DCM control schemeédidonal simple
balancing methodiill be addedaterin this chapter.

The concept of gdstablet, control can bring fixedrequency CRMshapedcurrentto
TLB DCM PFC. Howeverat low input voltagesuch as near zemrossing pointit is hard to
avoid discontinued currerds Fig.4-4. It is mainly because peakductor currentwhich is
high enough fosynthesizingquadrangulacurrentcannot be built up by the low inpubltage
vin. For that low inpt region, even the descending current slopevigMy/2)/L in t, duration
is too steep and inductor current reaches at zero quickly after one switch turnsroff. Z

inductor current continuedampeduntil the next switchingycle begins
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Low input voltage region
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Fig. 44. DCM operation at low inputoltage condition

In summary TLB PFC with the proposed threéevel DCM control scheme will
experience both DCM and CRM depending on input voltage variafiba key equatios

including DCM/CRM boundary conditioarederived inthe following section.

4.3 Key Equations

In Fig. 4-5, waveforms in a switching period asBownby input voltage rang& derive
key equationslIn the plots, it is assumed thaquired singleswitch ontime is calculated and
provided to control uniasreferencet,’; common ortime Ton is resulted from slovdynamic

voltage compensator and remains almost constant during line cycles.
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Fig. 45. Waveformdor derivation by input voltage range.

Based on the@ssumptionTLB PFC canachievethreelevel CRM-shapedcurrent in the
guadrangular form which is fitted to given switching periad by the modulationin order
to derivea correctequation forcalculating thereferencet.’, three inductorcurrent variables
(i1, i and Di) are definedin Fig. 4-5; wherei: is the indudor currentafter Ton, i2 IS the
inductor currenafter Ton+ t,, andDi is the absolute differendeetweeri, andi,, respectively.

First, for bothMode | and Mode lithe variableii andDi can beexpressedby (28)i (29).
.V
iy :f T, (28
(29)
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Second, the magnitude pfcan becomputedby descending amoutd zeroin the common

off-time periodas follows.

1 = (o) n T(_)n t

V-V g .
==t @, T ) (30

From theinductorcurrent waveforms in Figl-5, the value of2 can bealso calculatedby (31)

depending on the inpwbltage range.

i D , Mode |

g (3D)
i+ D , Mode ll

¢
I, = 1

|
By replacing(31) with (28) and(29), the keyequationof reference, for quadrangular CRM

shaped currergan be derived in common €22).

t*_(Vo_Vin) Qw \'Lo Ton‘
i V,/2

(32

As can be noted fronthe equation, all the variablenformation can be provided t®SP
controlunit in each sampling cycle by measurement and compensator rdetinexample,
vin andV, can be measured by voltage sensésscomes from feedback voltage compensator,
andTswis a predetermined system specification.

Therefore, the proposethreelevel DCM control schemecan easily calculateproper
duration oft,” by (32) and add it upon top of theconstantcommon ortime Ton in each
switching period. Accordingly, TLB PFC is able to synthesize quadrangular-§liRiged

currentswith fixed switchng frequencyat the sufficient input voltage level.
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As describedn Fig. 44, however, TLB PFGnevitablyenters DCMat tre vicinity of low
input voltagebecause peak current level is too low to maintainzerno current until the end
of switching period.Thus, boundary condition between DCM and CRMped currents is
needed to banalyzel under given specification§ince the proposecbntrol schemés based
on theDCM controlframework, calculation chverageTon in two-level DCM control should
be precedd andthen extended to thrdevel control. The average equation @6, for two-

level DCM control schemean be expressed (§3), which wasalreadyproven n [75].

T, 2p f,LP,
Ton.ZL = V

f ~ sin’q
in. pk m (1— \/"\‘li'opk\sinq\) dq

(33

whereVin pk is the peak o&cinput voltage andy is theangle ofac input voltagerespectively.
In order tosupplysame amounts of input current angut power, the area of inductor current
in eachcontrol schemeahould bemathematicallyequal Thus, by assuming the equal area of
current waveforms itwo-level DCM andthreelevel DCM, the averagevalue ofTon in the

threelevel controlcan be derived t(34) usingTon2L.

o

Y/

_a 0 Jn2L T A
Tonat —W % %LSQL (34

o~ Vinrms

whereVinms is the inputrms voltage.All the operating conditions such as inpand output
voltages, switching frequency, inductance and pdessl are all reflected ir{34). With the
derived TonaL, boundary conditiorof the proposed threlevel DCM control scheme can be
analyzed As drawn by black line in Fig4-6, the boundary conditiols a momentwhen

descending current withvig-Vo/2)/L slope can meetero athe end of switching periotsw
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(v, ~V,/2)/L

O T on TS'] v

Fig. 46. Boundary condition of DCM and CREperations

If input voltage can build up higher peak current than that of blackwiithén Tons, the
calculatedreference.,” by (32) cansynthesizehreelevel CRM current as red line in Fig-6;
if the peak current is lower than that of boundalack line, inductorcurrentwill enter DCM
in the switching period. Under given specifications, the boundary condition in each switching

cycle can be dered agq35).

Vﬂ < (Tsw- Ton3 L) , DCM

\'A ) 2T_SI\_N (35
V£>( sw on3L)’ CRM

V, 2T,

When TLB PFC with the proposetreelevel control schemeworks inlow voltage and
DCM operation it can have lower peak current and longer conducting duration than
conventional tweevel DCM under same specificationasdisplayed inFig. 4-7. As can be
seen, the reduction of peak current in tHmel DCM is enabled by its slower descending

currentslope than that of conventional tievel DCM control.
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Fig. 47. Comparison of twdevel and proposed thréevel DCM methods

With those mathematical d#évations, two example cases of the proposectelevel

controlschemeare showrby different input rms voltagas Fig. 4-8.
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Fig. 4-8. Boundary plotsn a halfline cycleat 308W load condition.
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110220 Vims are used as input voltages for analysis and verifications because the two
voltages are the mbswidely-used universal voltage In Fig. 4-8, peak inductoicurrent
envelopes are shown colorsfor both input voltages with 236H inductance 400V output
voltage and 3006W load conditions.As can be seen from the plots, DCM/CRdundary

conditiors of the proposethreelevel controlschemecanbe affected byollowing factors.

1) Power level: The duration of CRMzonein red color will be shortened if averdgeak
input currents are reduced by lower power levelis because low current level aaot
maintain norzero inductor current until the end of switching period.

2) Input voltage: With higher input voltageondition(e.g.Mode 1), the duration of CRMn
red colorcan be extendednd longerthan that ofower input case (e.g. Mode I}.is due to
fact thatt, durationcan increase peakductorcurrent furthery (vin-Vo/2)/L slopeif input

voltageis high enough to satisfyn>Vo/2 (Mode ).

After al, for both 110Vms and220 Vims at full-load condition in Fig4-8, the maximum
peak inductor current can remain in CRiferationsso that the beneficial effects of fixed
frequency andeducedpeak current (e.g. low current stresses, switching losses arENJIM

are valid in TLB PFC.

4.4 Comparative Analysis

In order to grasp the advantages of proposectelevel DCM control scheme,
comparative assessmenigth two-level DCM control andthreelevel CRM control in
Chapter 3are made in terms of peak currestvitching frequency and loss analysior

comparison, specifications are givervas110/220 Vs, L=230¢H, andP,=60i 300 W.
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First, peak inductor curremtpk, which has influences asfevice current stresses, tuoff

losses and DMEMI, is compared. In Fig.-8, peakinductor currenenvelops at full loadby

the threecontrolschemesreshown in a half lineeycle angle.

Peak current (A)
= o

E‘LC\ Cl L)(l\l .............................
3-Level CRM

Prop. 3-Lv DCM

1
90 135 180
Angle (7)

Peak current (A)
=

2-Level DCM
3-Level CRM
Prop. 3-Lv DCM

90 135 180
Angle (%)

Fig. 49. Peakenvelopeplot of inductor current by contrahethod

As shown in the plots, the peak envelope by pheposed threé&evel DCM control is

definitely lower than that ofwo-level DCM control regardless of inpuins voltages. The

lowest peak envelope is recorded by the thimeel CRM control scheme i fixed U=0.3.

The proposedCM control shows irbetween peakalue amongthree and highly reduced

envelope close tthe threelevel CRM in 110 Vimsinput condition.

As the gcondcriteria, switching frequency range of each control method is displayed in

Fig. 4-10. The variable frequencgf threelevel CRM in Chapter 3showsthe minimum

frequency36.5 kHz at the maximum currembder110 Vims input condition
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Fig. 410. Switching frequeay plot by control methad

Based on té minimumfrequencyof CRM schemethe switching frequency a¥vo-level and
threelevel DCM controlschemesmust be set less than 36.5 kHz with the same inductance
condition Thus, ® kHz frequency is used for the twoCM cases in the analysis and
experiments. Irrespective of operating conditidssththe DCM control schemesanalways
operate TLB PFC with lower switching frequency thée threelevel CRM control. The
variable frequency o€RM control gets higher asput current goes lower. As shown in Fig.
4-10, the threelevel CRM method has higher frequencasdlighter load (60V) and higher
input voltage (220//ms) conditions

The mentionedtwo factors have significanimpactson componentstress, losses and
efficiency. Thus, loss analysis alsoconducted for the three control methods. TLB PFC has

four major lossycomponerd: inductorL, switchesSi S, diodesDii D2 and diodebridge
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rectifier (DBR). Each component has switchingrelated lossPxsw and condation-related

lossPx.ce Then, najor losses can be summarized by the following equations.

Paw = Vaael) As o F 0l (36)
Pow=lm R0 (37)
P, @f) E.f..0t (39)
Po=lg-Rus (39
Pocs = loms o (40)
Posr = Linms D osg (41)

Switching losses of diodes and diglledge rectifier can be neglected because of no reverse
recovery and ac linfrequency switching, respectively.

Based on th&ey loss equations i§36)i (41), loss analyse®or the three control methods
are conducted anthe results arglotted in Fig.4-11 by different input vdtage and load
conditions It can be notedrom the graphs that theonduction losses of diodes and DBR
generally take 3@0% of the total loses regardless of contrakcheme and operating
conditions.In other words main factors causingfficiency differences amonghe control
schemesarethe switchingrelated losses,specially from inductorR.sw) and switchegPs sy).
Those losses are function of switching frequency and peakoff current. Since the three
level CRM controlscheme inherentlfacesvery high switching frequencyear 900 kHzat
low input current asanalyzed inFig. 4-10, its switchingrelated losses become highly
dominant at lighter load and higher inpugltageconditiors. Thus, the total loss dfireelevel

CRM control recordshe worst at 60N load conditiors of both 110V msand220 Vims
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Fig. 411 Lossanalysis by control method

76

P total



On the other handhe twolevel DCM controlschemehas the highest peak and rms currents
so that switching and conduction losses become considerdi#awatioad conditios of both
input voltageconditiors.

Unlike the aforementionedwo control methods, the proposed thteeel DOV control
can havethe lowest losses for wideange load and input voltage conditioftisis mainly
possible becaustxed-frequencyoperationand reduction of peak currenf the proposed

control allowTLB PFCto have the lowestwitching losses thatie othetwo methods.

4.5 Digital Implementation with Voltage Balancing Scheme

TLB PFC topology has two output capacitors and unbalanced ecdpatitorvoltages
arepracticalissue which must be handled by control screnie root cause of unbalancing
is tolerancs of capacitance and equivalent ssfiesistance, generally02 [76]. Due to the
inescapable tolerance, TLB PFC even with symmétr@level gate signals fo&i S shows
voltage differencg asshown in Fig. 29; even the toggling of conducted switch ingbe-
switch ontime duration cannot guarantee the balancing because charging and discharging
amounts of the output capacitors cannot be exactly sanaefdididine cycle

Therefore, in this section, a simple voltag@ancingmethodthat can be easilgquipped
to the proposethreelevel DCM control scheme is introducethe proposed contr@cheme
can usea fixed-frequencysampling andcontrol routine to check up unbaladceoltagesand
give asymmetricswitching commansl for balancing purposdJsing the fixed-frequency

control frameworkadevisedbalancing scheme is depicted in FHgl2.
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Fig. 412 Key waveforms of proposed voltage balancing scheme

The balancing concept is to alldenger dischargingperiod of ty in anoutput capacitor of
which vdtage is higher than the otheapacitor A switch conducted further fdg period will
draw more discharging current through the output capacitor in the same boogtheell.
mechanism can be found from singhitch turnon states in Fig. -2. The princple of

voltage balancing can be easily applied to the proposed control as following sedléefres

1) The o capacitor voltages are measured in each sampling cycle and compared.
2) Higher capacitor voltage is defined\te as(42).
3) Required duration ofy is calcuated for quadrangular CRighaped currenby (43) with

thesensed/, value
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4) The calculatedy is applied to theswitch in the highewoltageboostcell by PWM action

qualifier inDSPcontrol unit.

V, =max( Ve, , Vi) (42

: v @3

Compared to the key reference equation(32), the denominatoMo/2 under balanced
assumption is replaced byh. With the voltage balancingeguencesa contol routine

flowchartof proposedhreelevel DCM control schemean bellustratedas Fig.4-13.
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Fig. 413. Flowchart of proposed control with balancing scheme
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In this chapter the common o#ime Ton has been assumed constant by feedback
compensator fo,. Compensator design for the propode@M control scheme is very
similar to that of thredevel CRM control in Chapter 3 in terms of slow contsahdwidth at
1i 5 Hz rangeThe transfer function redped for threelevel DCM controlcan be found from
[6] which dealt with control design for conventional tlevel DCM control schemd=or the
experimental verification, the output voltage compensator was designed by the procedure of
[6] in the PI formwith the gains ofK,=3.18e9 andKi=1e7. The closedoop crossover
frequency and phase margin were 2.46 Hz and 75 degree, respe&oadydingly, almost
constantvalue ofTon for 60 Hz periods i®asilyobtainable and the total output voltageis

regulaed to desired value.

, 1”0 ;-----“---------------“----------] TO?’I s
Vel >+ 1, voltage comp. | > —> Vs 1
A ! |
. i PWM
! o  Feedback control !
module
—T] / h ) «— i+ —> —> Vos.52
| max > Calculation of A
Ve > required 7, by £ _
v > equation (43) z a-switch by 7,
11

Fig. 414. Control block diagram of proposed thdesel DCM contral

In summary, digital implementation of the proposed thesel DCM control scheme can
be organized as a control block diagram in Figl4 Voltage measurement, output voltage
compensationandkeyty calculation with voltage balancing scheme for quadrangular current

synthesizatiortan be found part by part in Fig.14.
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4.6 Experimental Results

In order to prove the effectiveness of progbsereelevel DCM control schemeand
operational advantages, a 300prototype of TLB PFC is equipped with the cohtmethod
and tested by a seff experimentsThe prototype is the same one which was used for the

experiments in Chapter Bhe experimentaspecificatons are organized in Table24

Table4-2. ExperimentalSpecifications

Input voltage 110/220 Vins
Output voltage 400V
Load 60- 300 W Q0- 100%)
Switches &, S) IPW60R041P§Cos=310 pF,Rus,or=41 mh)
Diodes D1,D>) C4D10120D(ve=1.4 V)
Inductancé€l) 230mH
Capacitance, Cy) 470nF (measured: 4068, 519F)
DSP control unit Texas instruments TMS320F28377D
Switching frequency 35 kHz @/3-Lv. DCM), vaiiable @-Lv. CRM)
Sampling frequency 35 kHz

Two representativac voltages 110/220 ws are used and power range from 60 W (20%) to
300 W (100%) is testedd 230-€H inductancewhich was used for analysis and comparative
assessmens adopted; a Pl voltage compensator in the last section was implemented for
output voltag control To verify the operation meritsof fixed-frequency operation and
reduced peak curreahalyzed in section 4.#he experimental results gfroposedhreelevel

DCM are compared to those of tevel DCM and thredevel CRM with a=0.3[59].
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In Fig. 4-15, experimental waveforms ao-level DCM contro| threelevel CRM control
and proposedthreelevel DCM control methods are shown for 2Wns (155V k) input and
300-W load conditions. Overalliew of input and outputs shownin the first plot ofeach
figure; zoomin waveforms of inductor current near=150 V, 100 V, and 50 V arelso
shownin order.As shown in thehreeoverallview waveformsin Fig. 415(a)i (c), TLB PFC
prototype is able to achieve regulation 4080V output voltage andertan level of input PF
with all the threecontrol methods. From the zoemwaveforms, the two major factors can be

compared.
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Fig. 415. Experimental waveforms at 110 Vrms with full lolag control method

(a)two-level DCM. (b) threelevel CRM. (c) proposedhreelevel DCM.
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