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ABSTRACT

The increasing global energy demand cdtls attention on renewable energy
development. Among thavailabletechnology the photovoltaic (PV) panelss a popular
solution. Thus, targetedPower Conditioning Systems (P§Sare drawing increased
attention in research. Microconverter is one of theSP@at can support versatile
applicatiors in various power line architectugeThis work focuses on the comparison of
circuit secondary side architures for LLC converter for microconverggplication.

As the research foundatiogeneral characteristiof solar energy and PV panel
operationareintroduced for the understanding of the reeddlevious works are referenced
and compared for advantages and limitation. Baseoomentional secondary resonant full
bridge LLC converterthe twosubtopologiesof different secondd rectification network
active, full bridge secondary and active voltage doubler outputLe@d converter are
presented in detaillThe main operatg principleis also described in mathematical formula
with the correspondingycle-by-cycle operatiorto ensure the functional equality before

proceeding to performance comparison.

Circuit efficiency analysis is conducted on the main @owtage and the key
components with requency considerationThe hardwarecircuit achieved the desigad
function while the overall hardware efficiency result agrees with analysms.
implementationthe transformer is costume built for the system pacification. Another part
is the parasitic effect analysis. At a high operating frequency and to achieveigiery h
frequency operation, parasitic effect need to be fully understood and considered as it may
have the dominating effect on the system.
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GENERAL AUDIENCE ABSTRACT

With the increasing demand for electric energy in today's world while the traditional
natural energy recourses such as coals running towards depletion, renewable energy sources
become an important alternative. Among them, solar energy is an eptioeasy access
and convenient utilization.The photovoltaic (PV)panel requires matchingPower
Conditioning Systems (PC$9r connection and adaptatioMicroconverter is one of the
PCS that can support versatile applications in various power lindeatcines. This work
focuses ordifferent subcircuitry for PV applicationunder LLC convertecategory which

is a popular and effective solution for renewable energycdogower conversion.

First, the research background is studied, which lays the djfourthe utilization of
LLC converter for PV applicatiorthen the topology under study is presented in detail. In
this work, the foundation of variation is based on secondary resonant full bridge LLC
converter.For verification of functionality, the stepy-step operational breakdown are
listed for the two verification proposed of different secondary topology. The efficiency
analysis and performance verification are conducted on the given cirdinay.the analog
testing board is built and tested white result agrees with the analysis.

A few additional topics regarding detail of the system is discussed at more length.
One is the magnetic component design, which is the key part for stable and efficient system
operation; another is the parasitic effed,at such high frequency and efficiency range, the
parasitic effect become significant for the circuit performance.
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Chapter 1

Introduction

1.1 General Background

In recent years,the required global energy productionas been growing
exponentially. In modern smty, one main form of utilized energyis in electricity.
According to the Unied Nations statistic, the total productioves approximately 20
million gigawatthours in electricity in 2014Moreover,the annual dta are continuously
growing.[1] Traditionally,the majority of the electricityis producedhrough fuelsources
With the increasingpower consumptionglobally and the promotion of sustainable
developmentrenewable energy has becomeimportantsector for edctridty production.
[2] Among the available technologsplar energy conversion, Bhotovoltaio(PV) devices
proves as an efficientapproacti3] It has become one of tHastest growing renewable
energy sourcesThus power regulating solutiotargeting this specific apphdtion is in

urgent need.

In pradices, Power @nditioning Systens (PCS) and delivery pathare neededo
utilized solar energyWith PV panels, theollected energy wilbe uploadedo the utility
grid through a power delivergrchitecture. In this system, power electronic converters are
in place to ensure compatibility and system performance. The output of PVhpadelo

match tothe voltage that isusedfor the next stagevhile the Maximum Power Point



Tracking (MPPT) fungdbn need tdoe performedFor voltage conversionhé transmission

line usually adapts a relatively higher voltage to alleviated loss on thevpéss different

bus voltage may aldoe usedor standalonapplication [5] The MPPT is necessary for PV
application due to theutput characteristic of PV paneld] Figure 1.1 present the general
relation between output power, output current and output voltage for PV panel. Depending
on model, units and environment condition, the paramétar different numericalvalue

while the general correlation tremdmairs the sameln order forthe most energy to be
delivered to the grid and utilized, the implemented £a=d to ensure the PV panels are

operating in the voltage that allowed maximum power output.
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Figurel.1. Characteristic for PV Pangla) Single panel output demonstration dertainmodel (b) P-
V and +V Curve for PV panel and Maximum Power Point

Dependson the leveling structure for the above functions, there ardemiht
architecture for the PV power conditional system been proposed and implemented over the
years.[5] In central or string structure, PV panels are connected in series to provide higher

voltage whilean inverteris placed either on the end of all or each string to inverting the dc



output of PV panels to theeeded ac power supplin these cases, MAHHs implemented

for thestring or theentiresystem as whole.

(2) (b) (©)

Figurel.2. PV System Architecture (a) Central (b) String (c) Modular.

The series connection of Ppanels has the disadvantage of mismatch power loss
between panelft] When there are angifferencesexist between operation condition of
individual panels, the string MPPT does patvidethe optimizedoperating point for ezh
panel. Moreover, whefaulty operation occurs on one or multigdanes, the entire string
might shut down due to the series connection. Therefiooelularized PCS$s introduced,
which allows every PV panel to be connected to the line individually.iititis category,

there are also different solutions. Microinverter is a single stage solution that directly



changes the dc output to the ac value used on the line. Then therénis-tegesolution.
The output of each PV panel firstipesthrough a dalc converter to boost the energy up
to the bus voltage level. Then an inverter stage directly follows if it is an ac bus, or a string

inverter maybeinstalledbefore connecting tthegrid if dc bus architecturs used

ST 1T v
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L

PV STRING
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inverter [~ | M e m

N L Ll
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S DN DC-DC =
§ S CONVERTER
Q OF
< = = = INVERTER
Central MPPT AC

I ’ “l GRiD

\ ‘ ] W DC BUS -
CONTROL
— UNIT

Inverter

(a) ' (b)

Figurel1.3. PV System Architecture (a) gcid-basedstructure (b) dc bus connection

There are multiple advantaged modularizedarchitecture Primarily it provides
flexibility in control and operatiorEach panel is controlled bymaicroconverterseparately
which provide targeted power conversion and optimizatibims also provides simplified
system installation afeindividual panel does not necessatitybe the same modgWwhile
mix-source system is alsachievabld7] As long as the transmission bus is in place,
additional unis can always be addéater on, which provides ease for easy customization.
From theMPPT function perspectivecorrelated maximum power can alwdys extracted

from each panel anthe shadednits will have minimum déct on system performan{#).



Overall, suchsystem will bemore robust for individual unfiailure while also allow best
unit optimization.However,such layout also requires more power conversion devices in
the architeatre, which leads to cost consideration. Stile modularsolutionis preferred

due to itsapparensuperiority in performance.

One essential component for achieving modular operatiaheisnicroconverter,
which is the dadc power conversion devidkatis mountedon each panel for itse@rated
control and conversionSuch unit needs to meet several expectations: high voltage
conversion ratio, high efficiency, compact and autonomous. Thedgatremenis due to
the largedifference between PV pal outputand the transmission line voltagéurrently,
most panes have the maximum output voltage of under 65 V while the maximum power
point operation voltage ist 35 V or lower. [9] On the other hand, theommondc bus
voltageis 380 V. Therefore, theanplemened devicemeed to providehe large ratio of
voltage boosto ensure compatibilityFor energy harvesting system such as PV, its goal is
to generate most power in its lifespan with minimum initial cost. Here efficiency requires
the system has high overalfificiency through operating condition, while the hardware cost
for the microconverter need to laeceptabldor individual panelimplementationdue to
both financal and environmentatonsideration To fully utilize the benefit of modular
architecture, the ideal device should be able to be easily installed with each panel and
requires minimal effort for its daily maintenance. These standaiedadoptedh this thesis

to evaluate a given microconverstem.

1.2 Previous work



Since the initial introduction amodulararchitecture of PV arrays, theheve been
vast studies on the power electronic devices within the PCS. One appsoaatyeted
towards utility line connection. Such modular PV PCS de\sctheé microinverterand it
was intensely focused on previously whenewableenergy source is mostly grid based.
However, as the cost and technology of renewable energy become more readily accessible,
and the desire and motivation for implementing rersganergyincrease under the
guideline of sustainable development, the structuf@\opanel--- dc bus--- line/load has
become more popular as it offers more flexibility for the system struckor@erfect the
function while improwng performance different desigrs havebeen proposedor this
application.These designs cde categorizethto two groups of topology: PWM converter

and resonant type converter.

The most common PWM topology for microconverter applicationhesflyback
converter. It provide voltage stejup conversion and isolation, while has a relatively
simple structure and contrg¢lLO] Othertopologiesincludes isoated boost, buckoost and
etc. have also beesxplored as methods for PV -dc power conditioningl1] However,
PWM type of converter in such implementation usually suffers from compromised
efficiency due to switch losses while incorporating galvanic isolation limits the choice and

simplicity of thesysem

To achievevery high efficiency while maintaining a compact structuesonant
converter has become popularsolution. It provides naturakoft switching with proper
design and the architecturencludesincorporatedtransformerwhich alsoserves aghe

galvanic isolation
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Within resonant converter family,LC converter isfavored especiallyfor its very
high efficiency while maintain somange of regulation capacitixtensive study haseen
conductedor the detailed architecture, system performance antgladdar LLC topology
Hsieh and Hsu illustrated the synchronous rectification operation of common LLC in
detai[12]; then some proposed LLC variations utilize full bridgent-end rectification
structure for mproved controllability[13]E15]; Kim, D. et al. proposed a solution of
increasing input range by adding diaty LC loog16] while AC switch has also been
added to provide more APWM mode of operation and improve operation [dafjg€hub
et al. reconfigured a buckoost stage to extdrthe input voltage ran@®3]. All of the
above study improved functionality of traditional LLC resonant converter by extending
operational range and providing more control methods. However, above solutions requires
additional devices and loops, while Istife nonidealfor microconvertemapplication.Then
secondary rectification is modified for targeted application: usage of current daubler
explored for server application19], and voltagedoubler are suggesteds seondary
architecture for voltage stap LLC application[20]Ef22]. The laterstudies cooperated

several design aspects specificallyfacroconverteapplication.



Also, works have also been presentetbr LLC converter system analysiSoft
switching realization is studied in detail to fully utilize the advantage of resonant converter
characteristi23], [24]; Varies control method are suggested for improved system
function[17], [25], [26]; design procedure is introduced for specific system optimization
goal[15], [27], [28] Some work specifically looked into certain detail parasitic efl2e}p
[31]; while others address the phenomenon under a general $&8ing32]EJ34]. These
study provided insight for LLC optimization in certain scope yet targeted analyze for full

bridge LLC converter fomicroconvertegpplication.

1.3 Study goal and thesis outline

In this paper,the performance differences of secondary architecture for LLC
converter in PV microconverter applicatios studiedin detail. For comparison, the

topologies under discussion should meet the samarement:

1) All systemscan achievethe same function ofvide input range operation. The
input range for PV pané& considered asom 15 to 65 Volt while the output is at
380 V for dc bus. All topology need to be able to achieve the same range of
controllability.

2) The system can provide the high ratio of voltage-stepvith galvanic isolation

while maintaininga similar level of system complexity.

The above standas@re toensure the same engineering functionality elads rating.

Then for performance comparison, following points are evaluated:



1) System efficiency. The primary goal for system optimization for this application
is to improve overall efficiency. When other differeacae within tolerance,
higher efficiency igo be expected

2) Device stressThiswill contribute to system lifespan and reliability.

3) Device number and cosbne disadvantagef implementing modular PV syste
is the increased installation cost from the additional PCS devices. Thus it is

crucial to control the hardware cost to improve its competitively on the market.

In this paper, the topis addresseth the following structure:

Chapter 1. addresses thepbgation background and research history. The general
information for PV architecture and its P&Jrovided thenmore detail for previous

work in microconvertestudyis discussed for its focus and pros and cons.

Chapter 2. introduces the topologiesder discussionand analysis the system
structure and operation stag&his is to ensure same functionality for fair

performance evaluation.

Chapter 3. focuses on the efficiencyalsis for the given system. Aeneral
numerical estimationis conducted and the key parameters are pointed out for
accuracy. This section also covers the verification and test results. System
performanceis compared with minimum changes on hardware implementation to

eliminate interference.



Chapter 4. address the magnetic design and optimization. For the LLC converters
under discussion, magnetic components are the cruciabpayistem optimization

for which customized desigis required

Chapter 5. specifically discussthe parasitic effet within the system. While the
traditional LLC converter optimization is rathstraightforwardg the performance is
highly relaive to the nondeality fromtheactualhardwareThisis especially true for
the system utilizing WiddandGap devices. Thus this section, a few paraisit

relaed phenomenon is further explored

Chapter 6concludes this paper and points out the future work directio

10



Chapter 2

Full Bridge LLC Secondary Topologies

2.1 Introduction of Topologies

As stated in the previous gttar, therehasbeen some work introduced previdos
microconveter application. Especially, LLCconverter hasbeen widely adoptedor
renewable energy source power conversion. For this specific application, there has been

some targeted desigmoviding the neededide operating range potential.

One of the proposed topology that utilizingsonant converter and improved the
rectification networks toadaptto the high voltage conversioratio neeéd for this
application.For a improved operating range, futridge ectification network is used for
the front end while voltage doubles implementedor the output end35]. This design
requirad fewer turns ratio for the transformer and maintained the-switching advantage

of the LLC converter when operates higher than the resonant frequency.

—o

Figure2.1. Full Bridge LLC Converter with Voltage Doublat Secondary Sidig5].

11



However, the above design has its limitation, as the operating ing&ricteddue
to the passive switchingpmponents whichack controllability. Thus with fixed frequency
operation, additional bidirectional ac switch is required dgtendedoperational range
which patrtially defeas the purpose ofeducingthe componentnumber by using voltage

doubler

1 n {
- . Lm /
O ng Hij = Q"

S2 | Ss | N N
e - L L
— — i i

Figure2.2. Full Bridge LLC Converter with Full Bridge Secondary.

Another approach is to use full bridgectification on the secondary sj@é]. While
moreswitch component is required, device stiesgeduced thus allogiower loss on each
device Such structure can also improve the control magnetism by partially using active
switches on the secondary sidehich would allowmore complex functios of the
system[37] Thus the extendedperatng rangeat fix frequency point can be achieved with

no additional device cost.

In this paperfurther modificatiors of the above topologiesre listed while themain
work focuses on the comparisorof their performance#s can be seen frothe schematic,

the secodary architecture still partially relays on passive switch component which limits

12



the controllability while introducesnergy loss created ldiode voltage drop and reverse

recoveryloss. By changing all diode on the sedary side of power stage &ET ard

perform diode emulation, the system is expectegrtvide the samefunction during

Synchronize Rectification (SR) operatiarile loss should be reducediso, GaN FETs

are usedor all the active devices in this resear@his allows faster switching peration

and avoids reverse recovery logelatedparasitic issués thenaddresseth this work.
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Figure2.3. Topologies under Study: (a) Full Bridge LLC converter with Active Voltage Doubler
Secondary;lf) Full Bridge LLC Converter with Active Full Bridge Secondary Topology.
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As shownin abovefigure, the studiectircuits requiresame orfewer number of
devices for maintaining the same functionality of the systemné&minal point operation,
the secondary switches perform diode emulation, whiaeintairs the same function with
the advantage oho diodevoltage drop.Also, softswitching will be esured for the
secondary side as the deadtime can and sheutcrefully tonedlor the secondary awell
as primary sideThe detailed operation will be analyzed step by step later in this chapter.
For the convenience of discussion, the topology reflectéagure2.3. (a) will be referred
as Active Half Bridge Secondary LLG@ Half Bridge topology and will be marked with
HB subscript for the parameteedthe circuit in (b) willbe referrecas Active Full Bridge
Secondary LLC, ofull Bridge topology and wilbe markedwith FB subscript for the

parameters

2.2 Operation Analysis for Active Half Bridge Secondary LLC

The Active Half Bridge Secondary LLiS derivedfrom the full bridge LLC topology
using voltage ddoler. To maintainingfunctiorality and optimizing perfamance, the

primary and secondary devices operate in synchronize rectification mode operation.

°5] Qs
'_]E 1T C1l== e % c1'==
TIO T
Q6| Q6
JEj ol== |l A:C2‘==
|
(@ (d)

Figure 2.4. Secondary Active Voltage Doubl&peration (a) During C1 Charging; (b) During C2
Discharging.
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In this topology, the capacit®in the secondanhalf-bridge rectification networklso
serveas the capacitance of resonant tak&k demonstrateth Figure2.4., during operation,
the two capacitor,, and!,, are in parallel equivalentiywhile one of the capacitor current
conducting througlthe load Therefore the angular frequency and angdisplacement can

be defined in(2-1) and(2-2).

! (2-1)

Y (2-2)

As thesecondaryswitchingdevicesQ5 and Q@and primarydevices Q1 through Q4
are separately controlled, the deadSragseparately sdor the required discharging time
aredifferent for the two groups of deviceBhe secondary devices dn@hervoltageand
lower currentratedcompared with primarywhile the primary deviceare ratedor high
current with lowvoltage toleranceThe different nature of the devices also bsinige
different value of parasitic capacitances, which cause asymmetry during discHdrges
primary andsecondary devicetake different time to dischargelhis creates additional
stagesduring operation. However, asll bediscussed in the later chapter, though tlaeee
method to synchronize the discharging time, there iheiousbenefit from such aarol.
The step by step operation and correspontimg-stampedvaveform demonstration are in

Figure2.6 and Figure2.6and is analyzed below.

Stage 1[time interval!, ! ! 1, figure (a) At beginning of this interval, the
resonant inductor (or inductance) currenis at zero while theoltage across,, is at its

minimum. The initial condition can be described by
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o 1000 (2-3)

PO TERTP &

Here the maximum voltage variance for a signal resonant capacitor in this topology

can be determined by output profile and switching frequency, as

!| !|
P I — (2-5)

Note that there is,.,!!t1 1. 11111 for any time during the switching cycle

while the average value is at half of load voltage for any one of them.
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Figure2.5. Operating waveform demonstration fbe half-bridgecase.
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Figure2.6. Stage operation Analysis fActive Half Bridge LLC Converter

At moment!, , the primary side switch Q1 and Q4 turns on while at the same time Q5
turns on.The source is directly connected to the transformer primary side. Thus the voltage
across transformer primary side is the input voltageand the voltagef ! times thanput
voltage is applied to the secondary side, wheethe transformer secondary to primary
turns ratio. The resonant inductande resonate with capacitdr,, and!,, in parallel

configuration and the resonant current can be described as
!
Lyt ﬁ!!"#!(! IN(EES) (2-6)
Here!, is the voltage across resonant inductor and is describedZinb@ow.
h
Lol ! (—'! !!!..) (2-7)

Where! , is the resonant tank impedance and is calculated&). (2
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(2-8)

Since the system operates in dymmize rectification, theswitching frequency is

equalto the resoant frequency.

I !
e M W' EVIEE TR YD B

Thus during this period, the inductor current resonant thraugbmplete half cycle.

The system directlyransfes energy from source to the outghtoughthis entire stage.

Also, the magnetizing current is charging up during this stage. At mdmnettte
inductor current is at its minimum valas in(2-10) and linearly increases to its peak value
by the end of this cycle. This process is described in the time ddoation (2-11)

below.

e (1)1 # (2-10)

MR IRL AN 21

At the end of this stage, the resonant current reacheswdate there is no current
through the secondary devices, while omiggnetizingcurrentis conductingthroughthe
primary sideThus, Q5 caibe turnedff at its natural commutate poirithis will allow the
Zero Current Switching for Q5 &t. And at this timethe current througlQ1 and Q4are

alsorelatively small.

Stage 2[time interval!, ! !l 1, figure (b] At moment!,, secondary switcl@5

turns off atZCS and primary side switch Q1 a4 turns off at near ZVSThe system
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entersZero Voltage SwitchingZVS) discharging periadrhis stage lasts as long as it takes
for primary devices to fully discharge, which is a very brief section eoetp with
switching cycle. As discussed in the last stage, at this time the magnetizing Gurreas
been chargedo its peak value. Since the time interval is very short, the magnetizing
inductance can be considered as a current source with the value ofmpgaktizing

current.

. (1) 1 ”'—I!!!!!!!!!!!!!!!!!! pre (2-12)

During this stage, this magnetizing current charges and discharges device on both
primary and secondary sides shown in figure X. The red arrow marks the path and
direction of currenthrough devices.On the primary sidegevice output capacitante-
for Q1 and Q4 are been charged while awottage charge across Q2 and Q30s output
parasitic capacitance are been discharged. This will allow Q2 and Q3 later been turned on

at zero voltage and achieseft switching.

Once the! . of primary side device fully discharges, the current will conduct
through the body diode, which are have high energy loss due to the large body diode
voltage drop of GaN device$o eliminate this power dissipatiotihe charged devices Q2
and Q3 ardo be turned on when the voltage across output capagtaeaehzerq and

system moves to the next stage.

Stage J[time intervall, ! ! 1, figure (c] At the moment,, primary devices Q2
and Q3 are turned on. However, the secondary device is not necessarily fully discharged at

the same period of time. Thus during this stage, the secondary device continuously
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discharges while the primary has been connected to the sdheeoltage apple to the
primary side of the transformes reversedor the next half cyclethe voltagevalueacross
thetransformer winding is the negative of input volta@ed the voltage across transformer
secondary winding i$!!. , which means the inductor cant direction is reversed

compare with stage However the current direction is the same as the last stage.

During this period, the magnetizing current has already stdeerkasing as Is

beenreversely charged\s

REOYRRR N IR-N AR (2-13

This stage finishes at the moment that iQ@ully dischargedSimilar to the situate
for primary side device discharging, the secondadg circuitwill start conducting through
the body diode of Q6, which createdditionalloss with its body diodelhus for optimized
performance, Q6 is to be turned on at the moment the voltage deross reaches zero.

This stage ends.

Stage 4[time interval!, ! I'! I, figure (d] At moment!,, Q6 on the secondary
sideis turned on.The input is connected to the output during this period of timetland
system starts its energy conduction for the other half cybke.operation during this period
are similarto that of stge 1. Only the voltage across transformer is negativeraalirrent
through resonant inductor is in the reversed direcfldve input source is applied to the
primary side of transformethrough Q2 and Q3nd the voltage of !'!. is at the
secondaride of the transformer as of the last stage. However, as Q6 is now turned on, the

load is connected to the rest of circuit througé and C1. During this stage, resonant
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inductance , resonarg with capacitor ;, in parallel with !, through load currenfThe
resonant current throudh, discharges it and the voltage acrbssdecreases during this

stage, as described in

PROIRIFERECY (NES) (2-14)

At this stage, cuent though , is theresonant current that conducts energy from

source to load, where the current value is

'I
e (1) 11 !'—'!!!"#!(! Q) (2-15)

Compare(2-6) and (2-15), this stage is the negative half cydestage landthe
behavioris in symmetry with the positive haffycle in stage 1During this periodthe
current in the tank finishess complete halfycle andeacheszero at, . Thus soft switching
again can be achieved for the secondary device turn off. And the current in the primary

device isonly is value of magnetizing current at this time.

For!, , the voltage is negative across the magnajizinductance and remain
constant. Thus the magnetizing current decreases linearly though this peripd.th&
current though primary device Q2 and Q3 are the absolute value of the magnetizing current
for primary side, which is at its minimum valuthere is the following function for this

time period.

REOYRRR IR AR (2-16

Stage S[time interval', ! ' 1, figure @)] At!,, secondary device Q6 turns off at

zero current and primary device Q2 a&dturns offat low current, as no resonant current
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is conducting and only magnetizing current exist. Similar to that of stage 2, both primary
and secondary devices start to change discharge the outpparasitic capacitances. Note

that as no resonant current is circulating at this point, the secondary current direction is
dominated by magnetizing current. The can be considered as arent sources and are
shared by both prinma and secondary side. During this brief period, magnetizing current

can be approximated as a fixed value and is at the minimum point.

IIIIIIIIIIIIIIIIIIIIIII!,, (I)l LIIIIIIIIIIIIIIII!! [ |

....................... ! !' !!" . HE- | (2_17)
This stage ends when the voltage across Q1 and Q4 has reducedatadzsid turn

on canbe achieved

Stage 6[time interval!, ! 11 1, figure (f] At moment!,, primary side device@1
and Q4 turns on and connects the input voltage in positive direction across the transformer
primary side. As the secondary devices are both off at this moment, this voltage will force

resonant inductor current to dischaf@g®. Once Q5 is fully dischardethis stage ends.

During this period, the magnetizing current already starts to be charggubssive
voltage is applied. There is the minimwnalue for ! at moment!, before positive

voltage is applied.

e 0D (2-18)

Whenthe voltage across Q5 reaches zero, the devices can be turned on at ZVS when

this stage finishes. Thus the next cycle can begin from stage 1.
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2.3 Operation Analysis for Active Full Bridge Secondary LLC

For full bridge secondary LLG3n active full bridgeectificationnetworkis usedat
the secondary output end after the resonant fBiné&.step by step analysis shows similar
operation with & half bridge secondary counterpafor this topology rectification
networkis separatedrom the resonantank. While there are more active switches in this

topology, the control desigamd circuit operatiom a certain wayaresimpler.

As there is a separate resonant tank, the resonant capacitor can bedesingler a
capacitor network located directly after the resonant inductance. Here we can treat this

capacitance as a whole and its vdlueatisfies:

! (2-19)

! (2-20)

J (2-21)

Similar to that of thehalf-bridge case, the primary and secondary devices have
different ratings, thus alscompletelydifferent parasitic value. While for the conducting
periods duringa duty cycle the front end and secondary full bridmeeraten syndironize,
the discharging behavior during deadtime différst the Full Bridge secondary topology,

the total parasitic from the systeoonsideration is Q5, Qin series and)6, Q8in series,
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then the two branch are in parallels demonstrated iIK. Thus he equivalent .

equals to the value of a single device.
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Figure 2.7. Secondary Activa-ull Bridge Secondary Device Discharging Operation (a) During Q5
Charging; (b) During QDischarging.
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Figure2.8. Operatingwaveform demonstration for futiridge case.

Stage 1[time intervall, ! !'! !, figure (a] This stage is the first period for energy
conduction between source and lokdthis stage, the primary side switch Q1 and Q4 is on

while at the momerit secondary switch Q5 and Q8 turns Ahbeginning of this interval,
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the resonant inductor (or inciance) current, is at zero while the voltage acrdssis at
its minimum. The initial condition can be described by

Lo 11,00 (2-22)
Lp (1) 11T, (2-23)

Here the maximm voltage variance for thesonant capacitas the same as the case

in half bridge topologyas

I (2-24)
Whenthe source is directly connected to ttransformer primary sidenput voltage

I'w is applied across transformer primary sided the voltage df timesthe input voltage

is at the secondary side. Hérés the transformer secondary to primary turrtgréor full

bridge configuration
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During this stageresonant inductancé, resonate with, for a complete half cyel

and the resonant current can be described as

I|
e 1111 !'—'!!!"#!(! Q) (2-25)

Where! | is the resonant tank impedance and is calculatd@-24). Here!, is the
voltage across resonant inductddeally it equals to the voltage ripple ofetlmesonant
capacitor, aghe transformer turns ratio is designed that the voltage on the secondary side is
the designated output voltage.

L, (2-26)

In reality, there isa slight difference due to difficulty in transformer partial turns and
voltage loss on the devices. The actual voltage rigalescribedn below.

X (2-27)

The system is designed tperatein synchronize rectificatiorywhich requiresthe
switching frequencyoe equal to the resonant frequené&r this stage, the time length a

half resonant cycle and allows the current to reach to zero at the end of the stage.
! (2-28)
Thus during this period, the inductor current resonant through a complete half cycle.

The system directlyransfes energy from source to the outghtoughthis entire stage.

Also, the magnetizing current iBeing chargedduring this stageThe current
increases from its minimum value since the momprimary conducts the input to
transformer primary and linearly increases to its peak value by the end of this cycle. This

processs describedn the time domain functio(®2-11) below.
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At the end of this stage, the resonant current reachesarerthere is no current
through the secondary devices, while only magnetizing cusesdnductingthroughthe
primary side. Thus, Qand Q7canbe turnedff atzero currenpoint Thus the turroff for
secondary deviceis considered lossless. For the primary side, the-dffris atthe peak
magnetizing current value. While this creates endopg, the magnetizing currem
necessary for the discharging period in the next stage and ultiraategves soft turon.
For GaN devices, turoff lossat such small current is significantly smalympare with

a hard turron loss.

Stage 2[time interval!, ! 'l I, figure (b] At moment!,, secondary switch Q5
and Q8turn off at ZCS andorimary side swithh Q1 andQ4 turns off at near Z8. With all
primary device turned off, the input side is no longemeated with the rest of circuit. The
primary side of transformer is not clamped by the input voltage, allowing the magnetizing
current start dicharging the primary and secondary devices. The purpose of this stage is to
fully discharge the primary device ardsure zero voltage across Q2 and Q3 by the end of

this stage, preparing for ZVS turn on of these devices.

As the voltage across transformprimary side haseen removedmagnetizing
inductance is no longer been charg8ohce the time interval is very short, the magnetizing
inductance carbe consideredhs a current source with the value of peak magnetizing

current.
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o L (2-30)
During this stage, this magnetizing current charges and discharges device on both
primary and seandary side as shown Figure2.9. (b). The red arrow marks the path and
direction of currenthroughdevices. On the primary side, device output capacithnce
for Q1 and Q4 are been charged while awottage charge across Q2 and Q30s output
parasiticcapacitance are been dischargh&tithe same time, magnetizing current are also
assisting the discharging of secondary side device. The equivalent discharging model is
shown in Figure X. Since current sharingstxvetween primary and secondary side, the

discharging process for primaky. are nonlinear. This phenomenon will be discugs

further in later chapter.

Once thevoltage across Q2 and Q8 droppedto zero and . of primary side
device fully dischargesQ2 and Q3 are to be turned on to avowhducion through the

body diode Thus this marks the end of this stage.

Stage J[time intervall, ! !'! I, figure (c] At the moment,, primary devices Q2
and Q3 are turned owith ZVS. At this timg secondary devicke. are not necessarily
fully discharges Thus during this stage, the secondary device continuously discharges
while the primary has been connected to the so@oee Q2 and Q3 is turned on, the
transformer primary side across \age reverses polaritithe voltage value across the

transformer winding is the negative of input voltage. And the voltage across transformer
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secondary winding is!!,. now. This will reverse the current direction in the resonant
tank:inductor currentlirection isreversed compare with stage 1; this current is actually in

the same direction as the secondary discharging current during deadtime.

During this period, the magnetizingductanceis being reversely chargeahd the

magnetizing current start to decre&®en its peak valueAs

e O e (D R0 1) 23

During this stage, the secondary device discharging is no longer assisted by
magnetizing current solelynductance currert. will ensure secondary device been fully
discharged quicklySimilar to the situate fanalf-bridge discharging case and atke the
case for primary devigdghe secondary side circuit will start conducting through the body
diode once itsl . if fully discharged which creates additional loss with its body diode
voltage drop Thus for optimized performance, @Ad Q7is tobe turned on at the moment
the voltage across device reaches zérbis stage endas soon asgoltage acros€6 and

Q7 has reachezkro.

Stage 4[time interval', ! 'l 1, figure (d] As now the voltage across Q6 and Q7
has dropped to zero, these two idevturns on at, . Through Q2 and Q3 on the primary
side and Q6 and Q7 on the secondary side, the system is conducting energy from source to
the load The operation during this stage is the negative asymmetric of that in stage 1. The
input voltage is afdfed to the transformer winding with reversed polaand the voltage of
I'1'1. is observed acrosthe secondary side of the transforndering this time interval

The resonant inductance resonant with the resonant capacitor and resonant tank resonate
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another complete half cycl@here is resonant inductor current forma3() and resonant

capacitor voltage described &30).

e (DL (1) (2-32)

At this stage, current thoudh is the negative half cycle of a complete resonant
period. Also this period lasts half the resonant cycle, which allow the current value reaches

zero by the end of this stage.

e (1)1 1 :—Z!!"#!(! () (2-39)

At moment!,, the current in the resonant tank is at z@tws soft switching again
can be achieved for the secondary device turn off. And the current in the primary device is
only is value of magnetizing current at this time.!, , the currenthough primary device
Q2 and Q3 are the absolute value of the magnetizing current for primary side, which is at

its minimum value.

For!, , theae is thenegativevoltage of ! |, across the magnetizing inductartbes
entire stageThus the magnetizing current decreases linearly though this period. There is

the followingtime domairfunction (2-32) for this time period.

REOYRRR IR AR (2-34

Stage H[time inteval!, ! I 1, figure (e} At moment!,, Q2, Q3 and Q6 and Q7
turns off at the same timeThere is full soft switching for the secondary side and patrtial
ZCS for the primarysecondary device Q&nd Q7 turns off at ZC8nd primary device Q2

andQ3turns off at low current, as no resonant current is conducting and only magnetizing
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current exist.Once primary rectification network enters deadtime, transformer also no
longer been clapped by input and magnetizing inductance is no longer been charged. For
this period, the magnetizing current can be considered as a current source with constant

value.

|||||||||||||||||||||||!., (I)I | —IIIIIIIIIIIIIIII!! [ |

....................... Ly ——, (2-35)
The magnetizing curremhages Q1 and Q4 primarilywhile also charge Q5 and Q8

in the secondary.Note that the secondary charging and discharging happens

simultaneouslyThe voltage across each legthe full bridge is constarsnd of that of the

load voltageHowever, the pumpseof this stage is to ensure soft switchingtlod primary

side during turn onThus his stage ends as soonths voltage across Q1 and Q4 has

reduced to zero and soft turn on ¢denachieved

Stage g[time interval!, ! 'l I, figure (f] At moment!,, primary side devices Q1
and Q4 turns orwith ZVS. The positiveinput voltageis directly appliedacross the
transformer primary sidéAll the secondry devices remain turned off for this stage until
Q5 and Q8 are fully discharged. At this time the sfarmer is connected to the input and
the secondary positive transformer voltagdl force discharge Q5 and8. Note that
though Q5 and Q8 are identical devices, slight differences for parasitic value may still exist
with asymmetrical in layout and individual inconsistence of the device. Thastiral
design it is necessary to monitor the device voltage sepatat@gsure full ZVS to be
achieved on with the upper and lower devi€@ncevoltage in the junction capacitance for

Q5 and Q8 has both reached zero, this stage ends.
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During this period, the magnetizing current already starts to be charggubssive
voltage is applied. There is the minimum value for at moment, before positive

voltage is applied.

e ()1 !!”: () (2-36)

Whenthe voltage across Q5 reaches zero, the devices can be turned on at ZVS when

this stage finishes. Thus the next cycle can begin from stage 1.

2.4 Simulation

To approve the functionality, software simulation is performed for the two topology.

The platform use is Psim 11.0 running psim simulation. The parameted @ simulation

are as follow.
Table2.1. Parameters used for the simulation circuit.
Lm 0.75 0.65 "
Lk 40.6 40.6 "
(e 33 33 "
Resonant Frequency 137.5 137.5 kHz
Switching Frequency 140 140 kHz
Transformer Turns Ratio 4:22 4:44

The constructed simulation circuit is demonstrated in following figures.
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Figure2.10. Simulation circuit for(a) Half-bridge Casg(b) Full-bridge Case

Run simulationwith the same specification: input 35 V and load of 300Bath circuit
reaches stability andperates as anticipated SR operati®lot monitored parameters and
there are following waveforms. The simulation results are presentgdure2.11. It can

be seen that the waveforms match that efahalysis from previous sections.
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Figure2.11. Simulation wavefornfior (a) Halfbridge Case; (b) Fubridge Case.

2.5 Extension of Operation

In addition tothe synchronize rectification operation, above discusssit/e switch
LLC converter has the capability ektendng the operationalrangeat fixed frequency
through PWM control of primary and secondary rectification netwsokne previous work
has introduced such operation mode similar circuitry. However by using active
rectification network,the same function can be achieved without additional device
requirementAs PWM controlmethodof LLC converter is not the focus tfis work,only
the principle operation concepts briefly coveed in this subsectiorto approveequal

functionality of the topology under comparison.

For PV microconvertethere is the need of MPPT, whiclgtares the converter to be able

to operateover a samewide rangeof input voltage both above and beldle nominal
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operating frequency. Thesequire the ability of ObuckO and OboostO operation of the
resonant converter when operating fixed-frequency. For the active secondary LLC
converters disa@sed in this paper, these functions banachievedhroughthe front and

secondary rectification network withotle requirementf additional devices.

When the input voltage is higher than thesigned nomingboint, the converters can
utilize the fultbridge front end to buck down the average voltage value before reaches the
LLC converter transformer primary side. The functisrachievedhrough the phase shift
operation between the two leg of the full bridgeontrol for the primary deees is

illustratedFigure2.12.
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Figure2.12. Primary Gate Operation for Input VoltagegHer than Nominal.
The boost operatiois usedwhen the actual input voltage is lower than the nominal
voltage. In this case, the convertexed to further increase th&econdary voltagealuein
additionto the ratio adjustment olfie transformer Referencing the operation of traditional

PWM boost converterthis can be achieved by shorting tbecondaryand allow the
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inductor current to be charged pecifically, the active voltage doubler or full bridge on
the output ends used to short theansformer secondary side. The realization is different

for the studied circuits.

For the Full Bridge topology, thieoost operatioms achievedoy shorting acrosshe
entire secondaryesonanttank to shorting transformer secondasige, as illustratedn
Figure 2.13. The two conducting pass demonstrated alentical for performance.
However, as such switching is not full seftitching as the case of SRyne
recommendation is to alternate thaths.This helps with dividing the heat generation,
which alleviates thermal stress; while it also aveidverstressig one pair ofthe devices

and causing unbalance wegy down,ultimatelyimprove the unit lifespan
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Figure2.13. Secondary Activé-ull Bridge Secondary Device Boost Operation (a) Conducting through
Q6 and Q8; (b) Conducting through Q5 and Q7

For the Active Half Bridge topologynly oneswitch is turned on to shorting the
resonant inductor. When the system is in boost operation modapbsiteswitch on the
secondary HBneed to be forcedly turnedn comparé with SR in Stage 1 and 4. The

circuit behavioiis illustratedin Figure2.14. below. For stage 1, Q6 instead of Q5 is turned
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on at the t0. At this time, the inductor current direct®oolampedoy the voltage acroske
transformer Thus the current will be forced to go through Q6 and C2, shorting the
secondary ofthe transformerand allows the inductance twe directly chargedSimilar
behavior happens during stage 4: by turning on Q5 at the beginning of thetke&age,

transformercanbe shortedhrough the passf Q5 and C1. Boost operatiaachieved
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Figure2.14. Boost Operationdr Active Half Bridge Secondary Topology.

From previousanalysis it can be seen that the tvgecondary topologiekave the
potential ofa samerange of operationAll primary and secondary devices are active and
separated control is required. Considering the complexity of operation and amount of
devices the samemodelof digital control devicegan be used for both circuit operational

control This means auxiliary power assumption for control module in the circuit will be
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similar in these circuits. Thus thmomparison of the studied topologisisould focuson the

efficiency and device stresshich is the subject of the next chapter
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Chapter 3

Efficiency Analysis and Performance Comparison

3.1 Circuitry Analysis

In this section, several performance paramedegsevaluatedor the topology under
study. As discussed itie previouschapter, the listed twoircuits are able toprovidethe
samefunction. Thus in thenain part of this chapter, performance comparison focuses on
the efficiency analysis. This section will discuss the losses on the circuit while magnetic

component will be addressed separatelhenext subsection.

As stated in the introductiorthis work focuses on theominal point operation,
specificallythe operation of SR mode. The SR operation is the optimized operational point
and at which the circuits under comparison, though laliff erentstructure, operatm a
similar mannerWhile in the more complicated operational modes the system performance

depends om lot ofvariablesand becomes hard farfair comparison.

Before loss analysidjrstly the system parameters are defingdith given input
voltage at nominal input poin. land output voltagé , the current in the circuitry is

determined by the operating load, or the output pdweirhe transformer turns ratio is
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determined base on nominal operating parametershanslystem topology. For LLC with

Full Bridge secondary, the transformer turns ratio are

— — (3-1)

While for the Active Half Bridge Secondary LLC, due to tiearacteristic of the
voltagedoubler structure on the secondary, the turns ratio becomes half of the full bridge

secondary case. There is

— — (3-2)

Then the current in the circuitry can be determined. Note thatnergge power
calculation, the current parameters are in the Root Mgpare (RMS) value.For the
studied converter, the ideal operating current waveferin sinusoidal. Thus there are

following relation between its peak valuke averagevalug andRMS value.

g L s (33)

: (3-4)

The current on the circuit secondary side lsardescribedsthefollowing equation.
h
g D (3-5)

: (3-6)

g e 1!
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Note that while the transformer turns ratio danreducedo half utilizing voltage

double, the current on the secondargoubled

Then theRMS current value used falevice loss calculatiocan be de calculated.

| My 27
e tg - I\/l_ ( . )

Acquiring primary side current is more complicated as there is magmgtcurrent
involved, which is determined by in the magnetizing induc¢avalue of the transformer
and its turns ratio, systeswitching frequency and voltage.

L e ! — -
R - l\/|_|| !!" (3 8)
Then the total primary side current value can be calculated.
Mg g ! \/! Pl 100 Do g | (3-9)

3.2 Power Stage Loss Estimatin

Here he power stage loss refeto the losses on the power devices, specifically the

active switches in the primary and secondary rectification network.

From the operation analysis in chaf2ewe have the following parameter waveform.
On the primaryside, there is equivalently two devices conducting throughout the switching
cycle, as one pare of switch Q1 and Q4 conduct for the positive cycle and the other pair

conduct for the negative half cycle.
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Pegugg D P gy Do (3-10

The system utilizes LLC converter for its seftitching advantagédowever there is
one switching loss cannot be avoided: the primary devicedffirtoss. Due to the
magnetizing current, there isettpeak value magnetizing current conductingpugh the
primary when theconducting pair of deviceswitches off.Such turroff loss has been
studied extensively for LLC resonant converters. However, with the utilization of GaN
devices,there still lackssufficient data for approximation.h€ very fast switching speed
makes it difficult for the switching loss estimatipandthe device performandeecome
dominated by theparasitic. A few modeling and estimation dadee providedbe
manufactures and resehrfacilities while some unexpected phenomenorbleas reported
by users and acadenjZ8]E{42]. The estimation used here is proposed for similar circuitry
and operation condition, and hatvee comparison data for both Si and GaN devices which
validates the accuracy of the metHd8]. The method takes consideration of magnetizing
inductancethe junction capacitance of the device and the turn off speed of the d@Wiee.

final formula thais adaptedor this application is

Ly g | ——————— (3-11)
Uioge g 1

Here the, represents current full time. Note here the consideredatffifioss only

limits to the dischrgingof device output capacitance. The body diode reverse conduction
loss can be avoided with careful deadtime design and there is no reverse recovery charge
for GaN FET devices. With théaN FETvery fast currentall at turnoff, the turnoff loss

is relatively small. This is one of the reason that LLC is used in this application: the lossy
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turn-on can be avoided by the Zero Voltage Switching (ZVS)turnvhen system operates

below resonant frequency.

Also, complete soft switching is achieved for the seaondievices as analyzed in
the previous chapter. Thus for the secondadg the only device loss comes from the
conduction loss during etime in theory. Fothe half-bridgedesign, it equivalent to one
device conductinghroughthe switching cycle; wike for fall bridge, the equivalent device
number is twosimilar to the full bridge rectification situation on the primary side. There is

! N IES I ! oo (3'12)

! " S P !!"# " | ! "o (3'13)

The total device loss for the system t&nexpresseds:

Prggm D Dpgygg D Dy 1 D g g (3-19)

3.3 Losses on the Magnetic Component

One of themajor loss for the designed LLC converter comes from the magnetic
components. For the compactness of the systdeally, LLC converter can utilize the
leakage inductanda. of the transformer to provide the inductaméehe resonant tank. In
reality, the transformer leakage inductance may not able to provide sufficient inductance
for optimized system performance dueptoysical restriction or efficiency compromise.
This section focus on the loss estimation for gapped transformer with good coupling, while

magnetic optimization will be discussed more extensively in later chapter.
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Firstly, consider the case withoah external inductor. For the transformer, the loss
model consists of core loss and copper loss. The core loss depends on the core material,
size and the pedkux density.The core material is selected base on the required operating
range and frequency while tlhoice in size and shape considers more on the efficiency.

Given the selected core, the flux density can be calculated base on designed turns.

-—I (3-15)

S ! !!!-!.!--

With the given material, pevolume core material loss can be read from core
datasheet. In this applicatica formulais extractedhrough data fitting for the specific core
material and providefd4]. The selected 3C95 core is rated for optimipedormance in
this designOs frequency and flux density range, while temperature variance is Shwoth.
per volume loss cape approximateds:

g 110 ppEEE R (3-16)

Where! | is the temperature coefficient that can be calculated as! !!"l1# !

et e Pt wherel is the temperature in Celsius degress.

For the conduction loss, the ac conductanceéiin wire need to be studied. For
high-frequencyapplicatiors, Litz wire is used to reducac loss caused by skin effect. A
properly design and selectédtz wire should be able to minimize conduction loss while
mitigate theinternal proximity effect byproperlyarranging the strats. Here is the formula
provided by new England technology for accurdteandac conduction loss calculation
[45].

Dyt ey
I

o 1 ' (3-17)
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Here the , is the per length dc resistance for each strands of the litz!wirns,the
number of bunching operation ahd is the number of cabling operation with in the litz
wire structure! , is the number of strands within the wire. All of the above parameter
should be able to be acquired from the Litz wire data sheet, mttileng the unites need
to corresponding through the calculatidrhen the ado dc resistive ra&b is calculated

basing on several factors considering ac effects
o Lyt
— 1 (—) ! (3-18

|
Here! is the eddycurrentbasis factor that can be calculated! as (L ”") ,

"o
where! | is the diameter of individual strand copp&s] ! is the individual strand ac to dc
resistance ratio, which can be determined by individual strand gauge; constant based
on the total strands number; andis the diameter of the finished wire overastds. This
formula considered the extensive factor of the complicated litz wire internal structure and
accurately describes the conduction loss in the single Wgain note the unites during

calculation as the constant aleveloped using a specific uaisystem

With above formula, the wire loss can be calculated depending on the wire type and
wire length. Primary wire and secondary wire shdddconsideredeparatelyconduction

loss iscalculatel using theRMS current value on each side.

Do v U D "D g (3-19
The! . yug here represent the ac resistance of the actual length of wire; and for
accuracy of calculation, a ofech solid copper conductor ac resistance is adddd

simulatethe connection terminal of thatk wire to the board.
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3.4 System Comparison and Verificaton

For verification, circuit boardsare buit for analog testingln accordance witlihe
intended application, both the hdlfidge and fulbridge system perform etic power

conversion that bridges the voltage ratio between PV panel abdsdfor transnssion.

The output is 380 V constant and input is at the 35 V nominal output voltage for PV panels.

The pwer level for the systems under discussion are both 300 W. For the benefit of

comparison, the tested hdlfidge and fuHbridge circuits aremodified using the same

boardandthe adjustmenis minimal. Also, both circuits use the same switching devices in

the primary and secondary rectification network accordingly. The devices and specification

for the analog circuitry are as follow.

Table3.1. Device Model and Power Stage Specification

Input Voltage 30V
Output Voltage 380V
Power 300 W
Switching Frequency 140 kHz
Primary Device EPC 2021
Secondary Device GS66502S

As discussed in the previous subsection of this chaptee itha few differencein
the circuitrypower stage behavior under same operation point for theridtje and half
bridge topology, especially at the secondary side. Thuspbeational parametemd the
resonant tank design has some variation between thdopatoges under discussion.

Table. 3.2here listed thealue of these parameters.
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Table3.2. Circuit Parameter Comparison and Values

Parameters Half-Bridge Full-Bridge
Lm 0.66 0.60 "
Lk 41.45 42.62 "
C 33 34 "
Resonant Frequency 136 132 kHz
Switching Frequency 140 140 kHz
Transformer Turns Ratio 4:22 4:44

The goal here is to ensure tmaximum similarity during operation for the given two
topologies. As can be seenTable 3.2., the resonant frequendy setto approximately
same value througthe selectionof the tank component. The resonant tem&onsisted of a
resonant capacitance and also an inductance component, which including the leakage
inductance and the external resonant inductor if usedhe transformer requires different
turns ratig the associated paramet@resentlarge difference invalue. Thus the external
inductor helpgo maintainthe structure fothe resonant tank. Still, the secondary structural
differences and the parasitic introduces brings attmdifferencein system prformance.

It will be discusseth amoredetailed manner through later chapter.

Figure3.1. (a) FullBridge prototype (b) HalBridge modification with testing set up

48



Here is thehardwaretesting result for system verificatioRigure 3.2. presentedhe
operation waveform under optimized operational point. The system switching fregsiency
despgned to very close withthe resonantfrequency Thus DCM conduction mode is

minimized for efficiency consideration.

Vgs_pri

: : \-«-/ : ‘ .

sec B . . : . . L . . . : . . J : .
enusnil mpasr orpunsnd : L,a-.‘-.%-.-_ffﬁ,:--, Pp————— . :

& 500V 2.00ps S00MS/s @ 14 Dec 2017
® 2004 10k points 5,00V 12:02:10

Figure3.2. Operation Waveform for HaBridge under 200W Load.
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Figure 3.3. Additional Operation Waveform for HaBridge Topology: (a) under light load (b) under full
load.

For full bridgetopology, operation waveform wmilar. The optimize operational
point waveforns are presenteth Figure 3.4. There are a few differences: asyously

analyzed, the secondary current in-tulidge topology is half of the fulbridge case; and
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due to theslight difference ofresonant frequency in hardware setting, the DCM period is

more noticeable under same switching frequency.
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Figure3.4. Operation Waveform fofull-Bridge under 200W Load.

One key factor for ensuring efficiency optimization is the full soft switching for LLC
convertersFor LLC converter operates biwer frequency than the resonant frequency,

ZCS is a given. Also, ehdtime is desigd then toned forminimum yet sufficient

discharging

............................ o ;EllDPrimEary-gateEvoI-tage:E Vpri;gs'} L
T : : 2 DTransformer current: ILr T
----------------- -3 DPrimary.switchvoltage: Vpri_dg. .

(@) (b)

Figure 3.5. Soft switching verification of primary side: (a) ZCS mfimary devices; (b) ZVS of primary
devices.
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With full soft switching, then efficiency evaluation is performed the system.
Power loss is calculated for different load condition with the same operating point for both

full bridge and half bridge convertaccordingly.

Before analyzing the differences and consider possible causes, detail loss
breakdown are shown for some of #ey efficiency points, as seen iTable3.3. It is also
true that the testing efficiency also varies between testing sections asvinenmersl

condition changes.

Table3.3. Estimationof each loss category and comparison with measured efficiency at different load point
using halfbridge case

200 W 300 W

Primary Current 7.646A 10.49A
Secondary Current 1.169 A 1.754 A
Primary Conduction Loss 0.350W 0.661W
Primary Switching Loss 0.215W 0.215W
Secondary Conduction Loss 0.41W 0.98W
Transformer Core Loss 0.49W 0.49W
Transformer Winding Loss 0.3 W 0.755W
Inductor Loss 0.350 W 0.407W
TOTAL LOSS 2.181W 3.437W
ESTIMATED EFFICIENCY 98.90% 98.8™%
MEASURED EFFICIENCY 98.78% 98.72%

Estimation for each category is calculated using formula listed in this chapter.

Detailed calculation result for each categ@yistedin Table3.3. Estimationof each loss
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category and comparison with measured efficiency at different loadysing halfbridge

case This helps to understand the main contribution for the system loss.

Efficiency Validation

0.99 e e e
0.98
0.97
0.96
0.95
0.94
0.93

30 59 99 153 206 247 299 Load /W

e=@=—=Half-Bridge Measurement == ® ==Half-Bridge Estimation

==@==TFull-Bridge Measurement Full-Bridge Estimation
Figure3.6. Efficiency across load range comparison for Heifige Topology

As can be seen from above figure, #fgciency estimation shows similar value and
same trend while the load condition changédwere exist some stald marginbetween the

theoretical value and the actual testing.

From table and figure above we can see the efficiency estimation is veryacthse

tested result. The differences most likely contributed by the following area:

1) The complicateddynamic conducting resistance dr GaN switches. Unlike
traditional silicon MOSFET, the &on)has been noticed to have a dynamic
characteristic during the operation. The resistance can be several times larger

during switching time than that during stable conduction.
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2) Unclear switching loss characteristic of GaN devicesadditionto the advantage
of faster switching and nlmss recovery, the GaN devices also have its cons with
switching control asa stricter driving voltageis required Also, the internal
nonlinear switclng model is still immature for accurate performadescription

3) Difficulty in calculating higher frequency ringing ac logss canobserve from
the above waveforms, there exists higher frequency ringing in the conducting
current waveform. The ringing tude is minimum Thusthe effect on current
RMS valueis relatively small. Howeverhigh-frequencyLitz wire ac resistance
can be magnitudes higher than that of its dc value. Thus the resistance loss

become more prominent than desire.

During different sections of testing, a change in testing efficiency resuwdtso
noticed at similar testing point. Themain factor here is the temperatuoé operation.
Several circuit components ai@hersensitive to its operating temperature: theitke core
loss increases when the core is at cool ambient environment rather than the designed
operating temperature; while thenducting resistance efvitchingdevicesincreases when
temperature rise. Another part that brirdgSiculties to efficiency estimation is that the
operating loss of one part maffect other elements on the board. The most significant case
is the magnetic component: the higher copper loss at heavy load situation introduces heat to
the wire, which warms up the core awmtange the core operating character. Such
interaction is too complicated to be considered imumericalcalculation, while the impact

IS prominent
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Chapter 4

Magnetic Optimization

4.1 Transformer Overview

The soft switching LLCconverter multitasks the transformer: it serves as galvanic
isolation witha certainvoltage transforming ratiqyrovides resonant inductance with the
leakage inductance and alsssiss soft-switching with the magnetizing inductance.
However, to balancing all the parameter whit@intaining high-efficiency performance

requiresdedicatedlesign of such magnetic component.

The transformer turns ratio is decided by the required voltage conversion as LLC
have fixed conversion ratio under fix@quency operationEquation(3-1) and (3-2)
presented the calculation formula, while the required ratio is ditféoerthe halfbridge
and fulktbridge case. Duo the characteristic for the active voltlgbler as secondary
rectification architecture, the turns ratio for Halfdge topology idalf of that for the ful

bridge case.

With that, first consider core lggetion for the transformer design, which includes the
determination of material and size/shape. For core materialaftbeting factors are
operating frequency and temperature. As previously listed, the operating fregibsiey
at 140 kHz. Itis setwith consideration of efficiency and potential EMI noise. The

application for the topology under discussion is PV optimizer, wisialsually mounted
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under the PV panel on retdp or open space with direct sunliglhis means the ambient
temperature cabe relatively high. Adding in the temperature rise during operation, each
component of the systeneed to be able to stand @0 to 90;C while being effectivein
operation. Here the transformer is optimizaodund70;iC temperature. There are a few

ferrite materialsfor this frequency and temperature range.
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Figure 4.1. Power loss density for specific flux density and frequency combination through
temperature ranger (a) 3C95 core material; (b) N95 Core material.

Then consider the core shag®d size. For this part, parametengolvedin the power
stage need tbe consideredPrimarily is the magnetizing inductance, which provides the
magnetizing current for discharging during soft switchifigere isa relationbetweenthe
magnetizingcurrent peak value and magnetizing inductance of transfoasdisted in
(3-8). The value ot |, relates to the turns number and core shape.

ety
g — (4-2)
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In (4-1), ! is the material permeability for the selected core matérials the
effective area andl is the effective magnetic loop length. In actual application, the
available turns numbes iimited by the allowed profile as it limits tleere dimensions and
the window area. Thethe magnetizing inductance value is tuned by changing thgapir

of transformer, which changes the equivalent permeability.

The main design consideratiohere is the core loss. Equatio(8-15) and (3-16)
describes theelationbetween opeating parametempeakflux densityandpervolume core
loss. From the core selection pointanigle the main factors are tlegfectivearea and loop
length.Generally the desired core should have a relatively lafijectivearea , yet small
loop length!, . With the same flex density, such core would generate less energy loss on
the ferrite; and to achieve the same magnetic current, smaller air gap is required, which in
turn reducedriendging effect. With above consideration, twoore of a similar class is

selected for comparison.

Table4.1. Core Parameters for Comparable Model/Shape.

Material N95 3C95
Effective Length!, 50.9! 55.91
Effective Volume! 102301 94401 !

Effective Area! , 2011 ! 1691 !
Core Factor ( !!!) 0.25n ' 0.33111 !
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Then consider winding desigHere the selected wire listz wire for its advantage in
reducedhigh-frequencyac loss. FoLitz wire, there are two paramesdp be determined:
the string gauge, which is selected base on thedrexyuof the conducting current; and the
total equivalent gauge, or the number of string included, which is decided by the current
value For the hundred&kHz range frequency operation, thetable Litz wire substring
should be #42 and above. In resonant converter heéhe gotentialfor higher frequency
noise, especially on the secondary side. Thus the wire faseghplementationis higher

rated #46 Litz wire is used for transformer winding

Table4.2. Comparison between Different Core Configuratm System Efficiency at 200 W load.

PQ32/20 RM14 RM14 RM14
Turns Ratio 3:19 3:19 3:19 4: 25
Interleave No No Yes Yes
Gap 3 mil 2 mil 2 mil 3 mil
Lm 1.9 mH 0.5mH 0.5 mH 2.1 mH
" 9!'H 7.97'H 4.63!'H 6.34'H
Winding Loss 0.3 W 0.3 W 0.3W 0.38 W
Core Loss 1.4W 1.04 W 1.04 W 0.61W
Efficiency 98.16% 98.23% 98.3%% 98.4%

Table4.2. presents the efficiency improvement with each change of optimization. By
changing core type, the core loss reduction contributes to improved system efficiency;
interleaving the wire reduces the coupling loss. Then while window area allows, changing
turns number to reduce peak core flux density can further reduce core loss. Ovenmll,

optimization of the transformer design improved the system efficiency ($.0.3

The overall transformer design and the corresponding parameter is listed in the

following table.
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Table4.3. Final Transformer Parameters.

Core RM14/ILP RM14/ILP
Primary Wire Litz #44/14 Litz #44/14
Secondary Wire Litz 330*#46 Litz 175*#46
Primary Turns Number 4 4
Secondary Turns Number 22 44
Air Gap 3 mil 5 mil
Interleave Yes Yes

Thefinal core selectioms basedn efficiency superiorityThe RM14 core hasa very
low ratio of effectivelength toeffectivearea, which reduces flex density when transformer
design remains the same. In turn, the per volumedasnaller whilemaintainng the same
flux density Also, the window profile is sufficient and effective for the required wire and

turns requirement.

Also, there are a few differences between the-lwadfige and fuHbridge design.
Besides the different turns ratio, the fotidge transformer utilizes a smaller magnetic
inductance, creating a larger magnetic current during operation. This is to match the

relatively highersecondarylevice junction capacitance of discharging.

4.2 External Inductor and Other Issue

While it is conveniento usesolely the leakage inductandeom the transformer as
the resonant tank inductance, the leakage inductance value may suffitient for the

resonant tank design. For the performance of the resonant tank, the total inductance L, and
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resonant capacitance ! | need to be proportion&br the benefit of quay factor. There are
methods to increase the leakage inductor from the same transformer turns. However, it
significantly increaselss on the transformer as it requires purposely creates poor coupling
between the primary and sedamy winding. Thus such approach is not appropriate in this
application as it defeats the purpose of efficient system design. In this case, internal

inductor is also included and its added to the total resonant inductance value.

The external inductor isonistructed using the same core materiallat@wire as the
transformer secondary windinghe core used is RM9 for the small footprint and low
profile. While it is sufficient for creating the dlnctance value required. Table 4igtedthe

design paranter for the external inductor in use for the design.

Table4.4. External Inductor Design Parameters.

Core RMO9/ILP
Material 3C95

Wire 330*#46
Gap 5 mil
Inductance 33.6!"

Another issue introduced by the transformer design is the wirgdipgcitance. As
there isa voltagedrop between each turn of the transformer winding, it creates a small
capacitance irbetween In total, tis incidentalparasitic carbe modeledas a capator
across therainsformer winding terminal. As been noted in some previous workaliieis
affectedby the turns number and windjrstructure of the transformeysuallythe parasitic

is in a few to tens of pF level.

59



While its effect on the circuit ggformanceis analyzedin the next chapter, the
principle here is to reduce this value to as Esvpossible. Here are a few principles for

reducing winding parasitiand its effect

1) Increasing distance between layers of windiiipge capacitance value is in
reverse proportion to the separation between conductive. Thus by increase the
layer separation, especially between layers of same side winding, the capacitance
created can be reduced.

2) Separate layersf winding from the samednsforming sideThis falls under the
same principle othe previouspoint. By interleaving the primary and secondary
winding, the distance between windingslod sameside significantly increase. In
turn, winding capacitance between the two terminalhefsamesideis reduced

3) Avoiding adjacent winding witharge ordinal number jump. For the same side
winding, the voltage differensebetween each consecutive ordinal windarg
approximately uniform. The charge in the same winding capacitamcesquae

ratio to the voltage difference.

D rpgope ! 11 (4-2)
As previousstated, the closest winding turns creates the largest parasitic
capacitance. Thus by limiting the ordinal jump betwéa®m adjacentwires, the

circulatingenergy created by the parasitic capacitance can be reduced.
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(b)

Figure4.2. Transformerconfigurationfor: (a) haltbridge secondary; (b) fubridge secondary.

In reality, the structure of winding and the allowed separasidimited by the core
window room, wire sizeand standardized manufacturing consideration. The eseston
for the winding structureis demonstratech Figure4.2. For the fultbridge secondary LLC
transformer design, separation layeikaptontape is used in between each layer of wires

to reduce the parasitic capacitance.
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4.3 Summary

Overall, the magnetic design for fldtidge secondary topology is more complicated
than that of the halbridge secondary LLBoth case needexternal inductor for sufficient
resonant inductance value, whodesign israther straightforward The main chdlenge
remains with the transformer design. Givdre same design specification, fblidge
transformer requires twice of the turns number on the secondaryT$iddarge turns
number of secondary winding creatfarge parasiticon the transformer thatannotbe
avoided. The same reason alsauss issues with physicallimitations of wire window area

and winding structure for manufacturing.

From efficiency and performance perspectivalf-bridge transformer also hdke
advantageThe fewer turns of secondary windingheansshoter conducting distance and
less copper resistance. Considering the operating of the entire system, thotgildell
topology has half of theecondary current valuthe loss from the secondary wisestill
larger for this case. Another consideration tise related issues caused by the larger
parasitic. Firstly,a larger magnetizing currentneed to be generatedor sufficiency
discharging to ensure ZVS. Then the parasitic itself also causes ringing,iswtichhgher
frequencyrange Thus higher frequency ac conduction loss becomes an issuéefor

transformeand external inductor winding.
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Chapter 5

Secondary Parasitic Effects

5.1 LLC Soft-Switching Requirement

One goal of LLC converter is to achieve ssiftitching for both the primary and
secondary deviceslowever, as was stata@dthe circuit operation analyze, theagnetizing
current that assistinthe ZVS dischargeshe FET junctioncapacitances of primarynd
secondary side simultaneously. This current sharing creates difficulty in transformer
magnetizing inductance design and deadtime tuning for both primary and secondary

devices.
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Figure5.1. Equivalent Discharging Circuit During Stage(8) HalfBridge Secondary Architecture
(b) Full-Bridge Architecture.
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The discharging behavior during stage 5 in circuit analgsimonstrated Figure
5.1. For the discharging phase in stage 2, the equivalent circuit is the same only with
reversed current directionhtis in hardware implementatiomsiead of consideing only
the discharging of primary device junction capacitance, both the primary and secondary
total equivalent junction capacitances need to be considelest. of the existing works
considertheissue with a static approach: the magnetizing current digebtaine total value
of primary and secondary parasiticpeaitance. Under this conditiorthe estimated

magnetizing currens:

e U (1 ! !!..#)!!:i (5-1)

However in reality, the deadtime lengthnd the magnetizing current value cannot be
arbitrarily chosen. The discharging current during deadisnm®t a constant valuRather
the current showan oscillationbetween the resonant inductor and primary and secondary
parasiticcapacitances. To demonstrate, the deadtime current waveform under purposefully

extended deadtimie shownin Figure5.2.
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Figure5.2. Primary Side Waveform during Extended Deadtime.
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From above figure, it is easy to see there can be mubkippropriatedeadtime
lengtls existing for the ZVS of primary and secondary time. Howel@rger deadtime
means reduck energy conducting periodhis means theeffective energy transmission
through the systens donein shorterperiodof time during operation. The increased current
RMS value decreases efficiency. Also, the ringitigring deadtime creates circulating
enegy, which also potentially compromises efficiency. Thus, it is desired to have sufficient
discharging current to allow the primary device junction capacitandesftdly discharged

before the oscillation on junction voltage happens.

5.2 Additional Parasiti c Effect

The ideal operation of LLC offers ZVS with cleainusoid current waveforms
However,the parasitis inthe circuit and componeareunavoidblein reality. These non
idealities createdistortion and ripple during operation. One of such parasitic is the

transformer winding parasitic capacitance mentiongtapreviouschaptes.

At the switching moment of each half cycle, the voltage across transformer secondary
side winding capacitaecneed to flip directionyhile the current on the leakage inductance
and inductor continuous conducting. Thus the discharging process causes circulating
energy in the circuitry, whichesonarg with the leakage inductance of the transformer and

introduces ringing in transformer current.
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Figure5.3. Circuit Model Considering Transformer Winding Capacitance.

Such distortionbecome especially prominent with the high turns ratio in this
application, as the reflected capacitance in the-isolated equivalent circuit become

larger, thus creating morsignificantimpact. Here the sample waveform is demonstrated

using full bridge case.
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Figure5.4. Ringing onthe resonanturrent waveformunder(a) Light load condition; (bHeavy load

condition.
This also verifies the previous analysim this specific testingthe winding
capacitance on the secondary side is measured to be 17.2 pF while the secondary leakage

inductance is 24" . According toprevious analysis, there should be ringing at frequency

I —— (5-2)
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With above parameters, the ringing frequency is expected to be around 7TheHz.
ripple on the resonant current happens as soon as the secondary voltagadlipe

ringing frequencys measureat 7.4 MHz.

Then b solve this issue, thstraightforwardapproach is to increase transformer
leakage inductance and decrease winaiagacitanceThis can increase ripple frequency
and also increase the loop impedance thus allow the ringing to be damped out faster.
However, such solution cannot fully resolve the issue aithalating energy are still
created at each half switchingate. Also, the ability to change those parameters can be
limited due to circuit function requirement or physic limitation. One simple solution is
removing the external inductor and fully utilizing the leakage inductancthéoresonant

tank.

2 BTransformer secondary current: ILr

(a) (b)

Figure5.5. Improved Testing Waveform (a) Light Load Condition (b) Heavy Load Condition

However, this solution might not bappropriate for all LLC board design. As
previously have stated, the inductance valueithaquiredn this work cannot be satisfied
by lealkage inductance alon&hus the phenomenon can only be alleviated with other

methods. The winding capacitance cha controlledwith proper winding structure
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configuration listed irthe previouschapter Also, increase Q factor of the resonant tank can

help the ringing to be damped out faster, thus have less effect on the current waveform.

Tek Stop.

B

Jot

(b)

Figure5.6. Winding parasitic effect for HaBridge condary topology (ajurrent ringing (b) zoom
in of switching time.

From this perspective, the hddfidge also has the advantage. f&sver turns are

neededfor the transformer secondary winding, the parasitic winding capacitsnce

significantly less tha that of the full bridge topology with same resonant tank design.

can be seen iRigure5.6., thecurrent ringing at switching moment, though still exists, has

mud smaller amplitude and are damped out faster. Thus relatively clean current waveform

can beachievedwith the use of external inductor for the hbidge secondary topology.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion of Work

PV microconverters an application that is drawing increasing attention asale
energy harvest becoming increasingly popular and accessible. Rathethéhaasic
functionality, optimization and efficiencgre requiredor the power conitioning system
for PV panels.Modularized solution and compatibility for different power system
structurs with inclusion of PV is demanded by the mark€ne favored topology for the
applicationis LLC converter for the ddc power conversion from PV panel to dc power
bus voltage. Wite the LLC convertethas been studied and utilized #otongtime and vast
of work hasbeen dongthe topologyneed to be optimized for specific application
requirement. Two subtructures of LLC secondary desigof similar functionality have
drawn theattention duringexdoration of the better performance among the alternative

solutiors.

This work focusson the comparison of thsvo different secondaryesonant tank
ard rectification network structuse (1) active fulktbridge secondary rectificatiowith
resonantank on the secondary side, g@0l active halfbridge voltage doubler rectification
incorporating resonant tank on the secondaiye. The two structuseare studied

fromtheoreticaland actual performance perspective and compared in several aspects.
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Firstly, the operation of the circug analyzedn detail. For botlconvertes, thestep
by-step operation breakdowis conducted From the systemlevel, the two circug go
through similar stages of performance: resonance conducting and separate primary and
secondary deadtime control to achieve soft switchimg.circuit structure, secondary
operating method and parameter are different and brings related advantage and issue for
performance and efficiency. Fromie discreetdevice point of view, the same maneuiger
achievedwith different devicecontrol especially on the secondary device switching
control. The discharging of secondary device junction capacitance requires differesit cont
method duringdeadtime Also, further control reehod for extended system functionality
briefly explored In this part, the purpose is to prove the equivalence of the two circuits in
functionality. It is the foundation for later study, as the pertoroe and efficiency
comparisorrelies on theassumption that theircuits understudyare compatiblevith this

application.

Thenthe focus is orthe performance and efficiency comparison between the two
systens. Loss modeis providedfor all major componerd of the circuit. Analog circuit
testing is also includedin this section for verification and hardware performance
comparisonWhile the estimation and hardware verification agrees in general, explanations
for the difference are provided and popted by the phenomarmbserved during testing.
One detail is the hardware testing in this work afgmrporatng the GaN devices, which
the device performance model is yeb perfectedrom vaststudy and performance data

collection.

70



Remainng part of the work focuss on detail optimization fortransformer and
alleviation of parasitic effecParasiticcomponerg not only caus energy losss,but also
create potential difficulty foeffective system design. Thieey component of optimization
in this section is the transformer. The transformer isléingestcomponent irthe physical
profile and the crucial component for efficiency. Reducingakeof the transformer itself
and its associatedoarasitic componentsrequire design optimization and somedesign
tradeoff While the parametecanbe calculatedsomestructuraldecisiors needto be made

basel on physicakonstrai.

Overall, active voltage doubler implementation sithe superior performance in the
SR operation fohigh ratiovoltage boost LLC converter. It provides very high efficiency
of operation even for resonant converter operation. The hardware implementation requires
less number of devicewhile still able to achieve all operation functionalithrough
control The volage doubleralso has the advantage oéasiertransformerdesignand
introduces less parasitic in the proceshis, in turn, further promotes the efficiency

advantage.

6.2 Future Work

Though the purpose of this work is to provide comprehensive performance
comparison forthe given two topologies undstudy, further work carbe dongo improve

efficiencywith detailedmodeling and system behavior, especially under dynamic operation.
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The circuit utilizes GaN devices which brings difficulty in estiio@ of switch
performance. Extendedesearchwork is yet to be donewith GaN devices behavior
modeling. It will help engineer better anticipaithe device performance and provide
appropriate operating condition and control signal for optimized performance. ¢for su
study, it is especiallymportant to establish quatative modeling method thas supported

by hardware testing verification.

On a similar notefield simulation and systematic study of the entire magnetic
component,specifically the transformercan be donefor further verification. Another
explanation provided in this work to fill the discrepancy of estimation and measured
efficiency differenceis the fringing effect and intewinding proximity effect. Both
problens require the input of the 3D tansformer structure with the core material and
considering the interaction. High calculating power finite element analysis msethed
for closest accurate description. Alsthe ac loss estimation incorporating ringing
component in the circuitry wouldis® benefit the further accurat®nsiderationof this
topic. Ahough all above factetogether only affect a small portion of the total |assthe
efficiency being further pushedo a higherlevel, the accuracy in detail becosreucial for

further optimization.
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