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Design Optimizations of LLC Resonant Converters

with Planar Matrix Transformers

Pranav RaPrakash

(Abstract)

LLC resonant convertshave beena popular choice fdDC-DC convertes due totheir high
efficiency, high power densifyand holdup capabilityin power suppliefor communication
systemsdatacentergsonsumer electronicand automobiledVith therapid developmerdf wide-
bandgap devices and novel magnetic matertals, push for higér switching frequenes to

achieve higher power denssgat lower costss gaining traction

To demonstrate high efficiency and high povdensity,the Center for Power Electronics
SystemgqCPES) at Virginia Tecdesignedan 800W, 1MHz400V/12VLLC converter for future
datacenters, which could achieve a peak efficiency of 97.6% and a power deS€iGVdfin3.
However,with the evetincreasing demand for online services, fbeformancef power delivery

must also bsimultaneouslymprovedto keep pac&ith the demand.

The focus of this thesis isnproving the performance & P E $révious400V/12V LLC
converter by inestigating different aspects of its design amkration.Ultimately, design
guidelinesare proposedand improvementsaare demonstratetb effectively achieve higher

efficiency and higher power density than the previous CPES converter

Multiple aspects ot he LLC convert er Gae indestigated to fudherd
improve its performance, and three maireas are the focus of this thesifie outputside

terminationdesignof the planar transformeis investigatecand modeled, and design guidelines

r



for filter capacitor selection are prided for optimal efficiency. Next, thexisting shielding
techniquefor matrix transformers, whicthelps reduce commemode (CM) noise without
compromising on efficiencyis investgated for asymmetry and curressharing issues, and
modifications have been proposed to impraige efficiency. Thirdly, the LLC converted s
switching frequencys optimized toimprove itsperformance over the previous CP&Shverter
Finally, the hardwareresults with the proposed improvements are demonstrated the
converted performance is compared with the previous CPES convesterll asother recent

proposed solutions



Design Optimizations of LLC Resonant Converters

with Planar Matrix Transformers

Pranav RaPrakash

(General AudienceAbstract)

The electricity demandby datacenters has been growing exponentially over the past few
decadesespecially due to th@oomof artificial intelligencein addition to otheinternet services.
This has resulted in a requirement to continually improve the efficiencies of the pelvery
from the grid, through the datacenter power architecand,finally to theloads on the server
racks. The overall dacenter power architecture has been improved over time to improve the total
efficiency. However, thperformancef each stage along tpewer architecturenust bemproved

to keep in pace with the energy demand.

The focus of this thesis i® improvethe performance of the 400V/12WC-DC stagefor
future datacenter®reviously, the Center for Power Electronics Systems (CRBE#jginia Tech
developeda 1IMHz 800W 400V/12V LLC converter with 97.6% peak efficiersnyd 900W/ir?
power density. Howevethe performance of the converter must be further improvstyoahead

of the competition ankleep in pace with the increasing energy demand.

Mul tiple aspects of the LLC contedeto futherés de
improve its performance, and three main areas are the focus of this Eheslg, the high-
frequencytermination designor how different components are interconnected and arranged, is

studied and a capacitance selection guideline igppsed to maximize the efficienciext, the



existing shielding technique for matrix transformers, which helps reduce comawa (CM)
noise without compromising on efficiency, is investigated for asymmetry and cahaing
issues, and modifications have been proposed to improve its efficienoglyThhe LLC
converterds switching frequency is optimized
converter. Finally, the hardware results with the proposed improvements are demonstrated, and
the converterods per f orious GRES convertera®welbas otherdrecent t h

proposed solutions.
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Chapter 1.Introduction

1.1 Datacenter Power Architectures

Since the turn of the centytpe internet has becorae integral partoh | most evf%er yone
with it being used for increasinglyidespread tasksanging fromlaunching space shuttles to
purchasingyroceries. Moreovewyith the advent of artificial intelligenc#e internet traffi¢o and

from datacenterbas exploded exmentialy [1], asFig. 1.1 shows

INTERNET EXPLOSION

Internet traffic* is growing
exponentially, and reached more
than a zettabyte (ZB, 1 x 102! bytes)

in 2017.
1987 1997 2007 1210 1Z7B
278" gopg °CEB '

*Traffic to and from data centres.
TB, terabyte (10'? bytes); PB, petabyte (10" bytes); EB, exabyte (10 bytes).

Fig. 1.1. Internet traffic growttsince 1987

Internet trafficincreased 3000 times from 1987 to 1997, furthencreasing by over a
thousand times in the nex0 years In the past decadwith theadvent of datdungry artificial
intelligencein addition to otheonline services like banking;ammmerce, social mediand cloud

storageinternet traffic has boomdéd a mammotHl.1 ZB.

This trend is expected to continue into the futasforecasts suggettat the total electricity

demand of information and communication technology (ICT) will accelerdkeia020g0 up to



20% of the tothelectricity demandand that datacenters will take up almasbund 40%of that,

as shown in Fig. 1.2.

9,000 terawatt hours (TWh)

- ENERGY FORECAST 20.9% of projected~
Widely cited forecasts suggest that the electricity demand
total electricity demand of information and
communications technology (ICT) will
accelerate in the 2020s, and that data
centres will take a larger slice.

M Networks (wireless and wired)
M Production of ICT
Consumer devices (televisions,
computers, mobile phones)
M Data centres

0]
2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

Fig. 1.2. Energyconsumption forecast for ICT

Because of the increased energy demand by datagdrgetechcompanies such as Google,
Amazon, Facebogkand Microsoft arebuilding massive datacenter farms called hyperscale
datacenters to serve smahd mediurrsized enterprisesvhichcanconsumeup to200MW per
datacenter The estimated annbapending on datanter systemsworldwide is almost $200
billion, out of which around 40% is estimated tospent on the power and cooling infrastructure.
Given the rising demand for online services, efficiency gains at every stage are essential to
maintaining a sustainbblevel of global energy consumption, particularly for countries seeking to

reduce their carbon footprint.



To other Servers

4160 480 Pt |
VAC VAC [~ DC 1| AC DC/DC VR !
=Tl W 4nk Tt & 78}
: VR - :
60Hz (Fronténd Server Rack |
Cable UPS PDU PSU VRs

. o — 0
Bff: 99% g0 95% 96% 94% 88% 73%

Fig. 1.3. Traditional 12\/bus architecture for datacenters

The datacenter powarchitecture is one significant area where efficiency could be improved
Fig. 1.3 shows the conventional 12V baschitecture for datacenterwith the approximate
efficiencies of each stagéhe 60Hz transformas followed by theAC/DC and the DC/& stages
necessary to connect the uninterruptible posgply (UPS) This is followed by thgpower
distribution unit (PDU)which includes another 60Hz transformas,well aswitchesand relays
to distribute theAC voltage to different server cabineWithin each server cabinetere are
power supply units (PSUspnsisting of the AC/DC and isolated DC/DC stagelsich are front
endconverters, finally followed bthe voltage regulators (VR#)atsupplyvariousloads Adding

up the efficiencies of these numerous stages results in a net efficiency @8&6$][4].

4160 480

VAC %

60Hz

270 |
—

4_-

Cable PDU
. 0,
Eff.: 99% 98% 99%

Fig. 1.4. Current 48Vbus architecture for datacenters

Due to the low bus voltage and multiptenversimm stages in the traditional 12ds

architecture, Google came up with an improved architecture with a higher bus \aili4ge



[5][6]. The PDUnow hasonly switchesand relays talistribute the power to different cabinets,
and hence has higher efficien®oreover,the UPS is now moved to the 48V DC bus inside the
server racks, thereby eliminating tA€/DC and DC/AC stages required to connect the UPS to
the AC side, and hence reducing the number of paarversion stage3his fact, coupled with
the higher bus voltageavinglower R losses, results mmuch higher net efficiency of 80%, 7%
higher than theraditional 12V bus architectureshis is approximately equal to the energy

produced by 33 nuclear power plants guaonth[7].

T Datacenter
o other Server Rack
servers
Server Rack -
e —
1 Server motherboards 1
4160 480 1 :
VAC VAC |—"T ! AC 400V bc/be !
— - i 1
3 % — L DC DC/DC ;g ]
SST H i
PDU 1 BBU = 1
R S —— 1.
Eff.: 98% 99% 98% 97% 90% =83%

Fig. 1.5. 400V-bus architecture for future datacenters

Recently the 400V DC bus architecture has gaitradtion due to its much lower i2R losses,
and subsequently lower cost due fewer transmission cableas compared to the 48V bus
architecture8][9]. This results in anigher overallpower architecture efficiency of 83%, 10%
higher than the traditiondl2V architecturgthis amount isapproximately equal tthe energy
produced by 47 nuclear powglantsevery monthThis architecture requires DC/DC converter
that can directly stedown the 400V bus voltage to 12V to supply the MR8ustry standard®r
this onboard converter werergposed by the Internanal Electronics Manufacturing Initiative

(INEMI) [10], as summarized in Téb1.1.



Tablel.1. INEMI specifications for the DC/D@onverter

ITEM Minimum Nominal Maximum
Input Voltage 360Vvdc 380Vvdc 400vdc
Efficiency 92%@10%.oad 96%@Full Load 97%@50% oad
Output Voltage 11.60Vvdc 12.00Vdc 12.60Vdc
Output Current OA 62.5A
Packaging DOSA Quarter Brick Form Factor

1.2 Review of Previous CPES 400V/12V LLC Converter

The INEMI specification$or the DGDC converter requirahigh voltage steqlown ratio high
outputcurrent capabilityhigh efficiency and high power densitywhich is challengingHard
switchingpulsewidth modulation PWM) converters cannot achieveettequired efficiency and
power density due to tivehigh switching losses at higher frequenci@mong softswitching
PWM convertersdifferent candidatessuch asasymmetrical halbridge converters and phase
shifting full-bridge PWM convertershave bee implemented as DC/DC converterk1][12].
However they mustsacrifice their normal operation efficienty accommodate thiarge input

voltage range for holdp requirements in such applications.

Resonant converters are grehbices for DC/DC conventgedue to their ability to achieve seft
switchingover the entire load rangedthelower turnoff lossesncurredfor their primary devices
(ascompared to their harsWwitching counterpartsjesulting in high efficiencies and high power
densitiesAmongthem, LLC converterbave been demonstrated to be promising candidates for

DC/DC converters, due to their ability to achieve higins for holdup, while maintaining high



efficiencies during normal operatignshile alsoreducing the electromagnetic interference due to

their softswitchingcapability[13][14][15].

K3 LI [ > H

Fig. 1.6. Theconventionahalf-bridge LLC resonant converter

However, forahigh outputcurrentof 67A (12V, 800W), the transformér secondary winding
loss and the secondaryectifier (SR) conduction losare too high to achieve the required
efficienciesHence multiple SRsand secondary windingsust be effectively paralleléd reduce
the conduction losses, ahown in Fig. 1.6However at the locationslenoted by the red dots in

Fig. 1.6,the termination loss too high whemrronnecting multiple SRs to the secondamdings

To address these issues, CPES proposed a stuelture termeda matrix transformer,
wherein the transformer is broken down into multiple smédgrsformers thare therconnected
such that therimary windings are in series and the@adary windings & in paralle[16][17].
Most recently, [18] proposedraatrix transformer consisting of four smaller transformers, each
with a 4:1 turns ratias shown in Fig. 1.7his way,as the secondary current is distribuegdially
among the paralleled secondavindings, itcorrespondingly reducdble netsecondary winding

loss In additionthe SRt er mi nati on | oss can be minimized a:



on a singlesecondaryvinding, but instead can be placed individually on the paralleled segonda

windings thereby also mitigating theecondary windingeakage inductanee

E

H

12v

}

H
I
i

380V|

!

£

‘J

:1

¥

Fig. 1.7. LLC converter withfour-leg matrix transformer

— Magnetic iore —

Magnetic core ~

\ Primary winding ©~

[A3]

(@) (b)

© (d)

Fig. 1.8. Integration process for tHeur-leg matrix transformer with reduced flux densifg)
original matrix transformer, (b) matrix transformer with flux cancelation, (c) before core
integration, and (d) after core integration.

7



The process of integrating the four elementary transformers into one matrix transformer is
shown in Fig. 1.8Theoriginal matrix transformer with four sets biijas cores hasexcessive core
loss due to the redundant core legs shown in Fig. 1.8 (aHowever, two Ul cores can be
combinedf the primary turnsare wound in opposite directions, and hence the vacant legs can be
removed since they have equal and opposite maghetas;thisresulsin two sets of Ul cores
as shown in Figl.8 (b).Furthermore, core 2 can be rotated by®189 shown in Fig. 1.&), such
that upon integration of all foeglemental transformers under one core, the magnetic flux in the
plate isevenly distributedThis way, only half the flux from each leg flows to tin® adjacent

legs, resulting in low core loss in the plates.

Using traditional litzwires for the transformer windings difficult for manufacturing and
massproduction, and hengainted circuit boardRCB) -based windings have been usedecent
works, due to the ease with which they candesigred and manufactred [16][17][19]. Fig. 1.9
(a)shows thdour-layerPCB layerstack forthe matrix transformer in [18]. Theo primary layers
are sandwiched in between the two secondary layers on the top and bottoniTlaigensy, the
SRs and output filter capacitors can be placed directly osettendary windings to minimize the

termination losses and secondary windirakbge inductanges shown in Fig. 1.9 (b).

Core

(=] B[

(a) (b)

Fig. 1.9. Fourlayer PCB windingransformer stackip: (a) crosssectional view, and (b) top
view.



Primary
terminals

(a) (b)

() (d)

Fig. 1.10. PCB winding arrangement for matrix transforn{@) Layer 1: Secondary, (b) Layer 2:
Primary, (c) Layer 3: Primary, and (d) Layer 4. Secondary.

Fig. 1.10 shows the PCB winding arrangement for the matrix transfotimeeyelow arrows
show the current direction in the windingéhe 16 primary turns are wouraimong the four
elemental transformers between the two primary layers. Each elemental transformer has two
primary turns per layerwith vias being employed to connect theo layersbetween each

elemental transformer. Theimaryterminalsare right next to each other to minimize the leakage



inductanceand termination lossThe secondary side emplogentertapped rectification, and
hence only one set of SRs are activeaohehalfcycle of operation. Th&Rs and output filter
capacitors are placed directly on the windindpich allows the secondary current to perfectly
interleave with the primary, resulting in minimum leakagduictance andC termination loss.
Moreover, tle SRs conducting in one hatfycle are alternatively placed on the two secondary

layersto have symmetrical interleaving between the primary and secoodlaients.

A hardware prototype for the 800W 380V/12V LLC IXT converter running at a fixed
frequeny of 1 MHz was developed as shown in Fig. 1.11, and the specifications for the proposed

converter are shown in Table 1.2

Fig. 1.11. Hardware prototype of the proposed LLC converter

Tablel.2. Specifications of theroposed LLCconverter

Component Parameters
Resonant Frequency 1IMHz
Dead Time 90ns
TransformefTurnsRatio 16:1
PrimaryDevices PGA26E08
Secondarpevices BSCO500NSI
Primary Driver Si8273
Secondary Drivers FAN3122
Resonant Capacitor 71nF
Resonant Inductance 312nH
Magnetizing Inductance 25uH
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Fig. 1.12. Measured efficiency curve for previous CPES Lt@hverter

The power density of the 800W converter is 98n®, and themeasured efficiency curve is
shown in Fig1.12 It canachieve 92.5% at lighoad (10% load)97.6% peakand 97.2% at full

load all of which satisiesthe INEMI requirements, ahown by he pink curve in Fig. 12.

1.3 Motivation and Outline for Thesis

As discussed irsection 1.1, the energy demand of datacentersisasing exponentially,
which has resulted in significant interestramlizethe 400\bus architecturefor datacergrs
Hence, the400V/12V DGDC converter has been thmecent researcfocus of many groups
[20][21][22][23][24]; a summarcomparisorof performance levels includinte previous CPES
converter [18pre listed in Table 1.35ome researd0],[21] and [24]hasdemonstrate different
ways thepartiatturn transformer concepain be implemented effectivelgr the 380Vv/12V LLC
converterresultingin high power densitieand efficienciesOne researctvork [22] uses series
connectedow-voltage primarySi MOSFETSsto reduce thelevice lossesAnother examplg23]

i s Vi COROGs 800W bthasoffersoigh posver lemgity. mod u |l e
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Tablel.3. Performance summary of other recent 400V/iRvegulated DEDC converters

ITEM [18] [20] [21] [22] [23] [24]
RatedPower 800W 1kw 800W 1.8KW 800W 1kw
Operating
1MHz 1MHz 1MHz 1MHz 1MHz 1MHz
Frequency

PeakEfficiency  97.6% 97% * 96.5% * 98.3% * 97.4% 97.3%
PowerDensity 900W/ir*  640W/in**  900W/in**  810W/i*  1177WI/in3 -

* Without Driving Loss ** Without Controller

The efficiency values with a * denote that they do not includeéhed driving losses. For
example, [22] reports 98.3% peak efficienapnich is higher thathat oftheprevious CPES work
due to lower device lossedowever, ithassignificantly higher device driving losses (~9%Om
switching 16 Si MOSFETsand thisresuls in an estimated 97% peak efficiencyhe power
density véues with a ** denote that they do not include doatroller circuit as part of the power

density.

To summarize, newdevdopments in magneti@and converter designare pushing the
efficiencies and powalensitiedigher, which leads to the motivation to attempt to further improve
the performance of the CPES 400V/12V LLC convestah that it cacompetewith stateof-the-
art performancéevels. This is theprimary objectiveof this thesisThree major areas gitential
performance improvemehave been identifiedd matrix transformer terminatiotiesignanalysis,
the shielding technique used to suppress commode (CM) noise in matrikansformers and

optimizing the switchg frequency of theLC converter to improve efficiency and power density.

In Chapterl, the currentirends in datacenter energy requiremets discussedand how
improvements in datacenter power architectahievedby pushing thebus voltage from the

traditional 12V up to 400\tan help improve the overall power architecture efficiebg 400V
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bus requires a 400V/12BC-DC converter with high efficiency artdgh power density. CPES

has developed 400V/12V LLC converter rated at 800W, which is dyefeviewed. Moreover,

the current technology landscapkthe 400V/12V DGEDC converters for future datacenters is
surveyed leading to the motivation to further improve the performance of the CPES 400V/12V
LLC converter to (a) keep thgerformance improvaent at pace witleverincreasing energy

demand, and (b)outperform other recent works.

In Chapter 2different ermination techniques foretmigh-frequencymatrix transformers with
centertapped rectifiers are discussed’he terminationdesign must becarefully considered,
especially at higlirequency operations, whereettransformer leakage inductances can result in
high AC termination losses. In this chapter, the termination design irpréveous CPES
400V/12V LLC converter is analyze®ue to the pesence of output filter capacitors on both
secondary layers (top and bottom layers), thergarasitic path between the two filapacitor
setghathas some parasitic loop inductance, which resonates with the capacitors to pesalteh
LC resmance peaks. This behaviorasalyzedanddesign guidelines are provided to move the
parallel LC resonant frequency away from the converter resonant freguemcierto minimize
this impact, and henckessentransformer impedance, #ite resonant fregency. Thecomplete

transformer including the terminatieammodeled and verified with hardware measurements

In Chapter 3, the shielding technique in matrix transfornestudied.Due to thelarge
overlapping surface ardetween the primary and secondaindings in planar transformers, the
inter-winding capacitance is higiihe high dV/dt in the primary sideause<M noise to flow
through the intewinding capacitancthen irto the secondary side, resulting in high Cbise at
the load. To attenuateish) shield layers anglaced between the primary and secondary layers and

are connected back to the primary ground, such that the indudedoGe flows back into the
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primary side. CPES previously designed a shielding technique with conducting shiel layer
which, in addition to suppressing the CM noise, also incsdhgeeffective turns number of the
transformer, thereby reducing the primarge loss, and improving efficiency. Howeviirere are
inherent currensharing issues in the converttue to agmmetrical leakage inductances in the
two halfcycles of operation, resulting areduction in efficiency. This phenomenon is studied in
detail, and solutions are propos#teseare verified with hardwaresting. In addition, thinpact

the position of the transformer airgap relative to B€B windingshas on its leakage inductance

is also briefly discussed.

In Chapter 4, the switching frequency of the LLC converter is optimideel LLC converter
operats at a fixed switching frequencwhich equals the resonant frequeneigenit operaesas
a DGDC transformerMost of the losses in the converter are dependent on the switching frequency
and hence its optimization is vitldr achiewng the greaest peformance from the converter. To
optimize the switching frequency, the best ferrite material for the transformer core must be selected
for each switching frequency. Toakethis selection the core loss densities of various materials
are measuredand theirperformance factors are compared to determine the best materials at
different frequency rangeblext, the converter efficieres and power densities atemparecat
different switching frequencies, and the optimal switching frequency is selected. Fihally,
performance improvement igerified with hardwareexperimens carried out onthe converter

operatingat the optimal switching frequency.

Chapters presenta summaryof thework done in this thesigndexplores options faiuture

work.
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Chapter 2. Termination Analysis of High-Frequency

PCB-Winding Planar Transformers

2.1 Introduction

The benefits of switching to PCB windiimased transformers from the traditiohtd wire-
based transformers are multifolthdinclude easier manufacturability, strongeatability, and a
larger surface area resulting in lgrofile cores and better thermal capabilities. Moreover, the
planar magnetic windings can be pushed to higher frequencies, as compared to the traditional litz
wire windings, hence reducing the magaebre size [25]. However, in higurrent applications,
multiple PCB layers must be paralleled in order to achieveD@wesistance. This results in an

increase in the number of termination connections to be made.

In high-frequency, higkcurrent planatransformersin addition to the core loss and winding
loss, thetotal transformer loss also includésrmination lossThe termination loséas two main
component$ (a) loss from the vigasvhich interconnect the multiple parallel layers, andlgis$
from the winding segments that extengsade the coréor terminationin the external circuitry,

which includesthe SRs and the output filter capacitors.

Significant work has been done study the termination in planar transformemsultiple
aspects, suchsthe optimal number of PCB layensiterleavingand relative positioningf the
primary and secondary layers, and optimally connecting the secondary winding terminals to the
SRs and output filter capacitors have been stuf@&i[26][27]. For the four-layer planar

transformer employed for 400V/12V LLC convertethe termination for the centetapped
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rectifiers has been studied and optimizedthe previousconverters develaga by CPES, as

summarized in Fig. 2.and Fig. 2.416][17][18].

Core 1’

Magnetomotive Force
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2xiy,
-2Xip,
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]
U
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(a) (b) (c)

(d) (e

Fig. 2.1. Winding arrangememwith good interleaving butightermination loss(a) top view,(b)
crosssection view, (c) MMF distribution, (d) FEA simulation of current density distribution, and
(e) magnetic field intensity plot.

Fig 2.1 showswinding arrangemenh whichthe top and bottom layec®ntainthe primary
windings and the middle yars are for the secondary windsmg his arrangement has very good
interleavingdue tathelow peak magnetonotive force (MMF) in the transformeats shown in Fig.

2.1 (c). However, the termination design becomes challenging in @h@ngement, as the
secondary winding terminals the middle layersnust be connected to the S&sdoutput filter
capacitoron the top and bottom layers using vias, resulting in high via loss. Moreover, the SRs

and filter capacitors must be placed odesihe transformearea, resulting in poor interleaving in
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the nonoverlapping area outside the transformer, as seen by the high magnetic field intensity in
Fig. 2.1 (d).The 3D finite element analysis (FEA) simulation loé secondary windings with this

terminationat 1 MHz results inAC resistance @& @ mand leakage inductance

p x8t O
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Fig. 2.2. Winding arrangement with worse interleaving but low termination (@3gop view, (b)
crosssection view, (c) MMHistribution, (d) FEA simulation of current density distribution, and
(e) magnetic field intensity plot.

Fig 2.2 shows a winding arrangemant which the top and bottom layersontain the
secondary windings and the middle layers are for the primary vgadihis arrangement allows
the SRs and output filter capacitors todrethe same layers #ise secondary windingsvhich
eliminatesthe requirement of vias for connectidMoreover, the SRs and output capacitors can

now be placed directly on the windintfemselves, as shown in Fig. 2.2, (@sulting inmuch

17



better overlapping between the primary and secondary curaedthence improving both
components of the termination desidhe 3D FEA simulation for the secondary windiregghis
improved terminabn at 1MHz results inAC resistane 2 p& Y mand leakage inductance
0 o @t 'OThese values are almost ethérd the \alues obtained from the previous termination,
highlighting the fact that even with worse inherent interlegvidigastic improvenents in

termination lead to much lower AC resistances laalage inductances of the transformer

As evident from the previous designs, the cetagpedrectifier circuit is split between the
top and bottom secondary layessch that only one layer is required to conduct in eackciielé.
However, this also means that the output filter capacitors must be split into two and placed on each
secondary layeto achieve aroptimal termination loop. Hence, the cenrtapped rectification
schematic can be redrawn with split output filter capagig®shown in Fig. 2,3or one elemental

transformer with the two sets of split output filter capacittrsingnanedé and6é . The red

loop shows the termination loop in one haytle.

(@) (b)

Fig. 2.3. Modified schematic of centeappedrectifier with split output filtercapacitors(a)
common output filter capacitors, and (b) split output filter capacitors.
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Based on this, theecondanside terminationfor the four-leg matrix transformer in the
previous CPES 400V/12V LLC converter with cerimgpedrectifiers was desigrd as shown in

Fig. 24 [17]

(©)

Fig. 2.4. Secondanside termination in the previous CPE@OV/12V LLC converter(a) top
layer, (b) bottom layer, and (c) 3D view of component and via layout in one elemental
transformer.
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The four elemental transformers aeparatelyonnected to the loads siown by the red and
black arrows pointing outward from the transforrtegminals. The output filter capacitors on the
top secondary layer are label@d and those on the bottom secondary layer are lalgeled
SR1, SB, SR5and SR7 conduct ime first halfcycle, and, along with their correspondiiiter
capacitors, are colored in. SR2, SR4, St SR8 conduct in the second haltle, and, along
with their corresponding filter capacitors, are greyed Suice the output currents from bdthlf-
cycles must benergedto be sent to the load, vias are needed outsidaghsformer to combine
the output currents using the middle lay@itse current flow arrows and the termination vias used
by thesecondary current in the first hal§cle areshown inyellow, and those used in the second

half-cycle arepurple.

Ideally, all AC components of the output curremitl be filtered out by the output capacitors,
resulting in only the DC curremberging through the vias and going to the load. Howesewill
be studied in this chapter, there isalternative path frod to¢  thatresults in circulating
current,which has its own parasitic loop inductance and resistance. This inductance is shown to
resonate with the capacitors, resultingparallel resonance atartain frequencywhich if within
the vicinity of the switching frequencgan result in increased transformer termination losses, and
hence, lower efficiencies. Thihenomenon is investigated, and capacitor selection guedeire

proposed for optimal design.

2.2 Parallel Resonance between Split Output Filter Capacitors

The split output capacitorsvhich are on the top and bottom layersst be paralleled and
connected to the loatHowever,since the secondary current flows ipposite directions in the

two halfcycles,the positions of the SR and the filter capacitors are interchamgebe two
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secondary layers. This results in a long path ffomto0 , as shown in Fig. 3.(a), which
shows thetransformer layers of elemental transformer #4e red loop indicates the secondary
current termination loop, and the yellow loop shows the pathéromto 6  through the middle
layers A simplified equivalent schematic can then be drasslown in Fig. 2.5 (b)in which the

parasitic loop connegtdé and6  throughO .

Termination loop

. 6]
@ (b)
Fig. 2.5. (a) Parasiticloopconnectingd tod , and(b) equivalent schematic with parasitic

loop inductance .

Theequivalent impedance model of the termination circuit must be sttaligtlerstand the
behavior of the parasitic loop. Fig. 2(8) shows the modifiedchematic of the termination
including termination resistancé and parasitic loop resiste@’Y . Fig 2.6 (b) shows the
equivalent impedance netwaokthe secodaryside terminatioruring the first hakcycleacross

the two red dots in Fig. 2.6 (a) amtludesthe capacitor ringing loop
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It can be observed thtiitere isa parallel resonant loop in the circugpresentedly the yellow
loop,whichcan result in high impedance if the l@ogesonant frequency is around the convérter

switching frequencyThis loop needs to be carefully analyzed and optimized.

Rierm R; Lg

V4

I_> Ctop Cbot

() (b)

Fig. 2.6. (a) Secondarysideterminationschematic with parallel ringing loop, and (b) equivalent
impedance model.

It can be realistically and reasonably assumedihat 6 . Therefore, the net impedance

wof the termination network can legpressed as:

p P (2.1)

where @ and® are the impedances of the two parallel branches, given by:

P wra 0 2 vs 22)
(0] (0]
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wherei  Q, and] is the angular frequengcyiven by ¢ "QTherefore, (2.2) can be

substituted into (2.1) to result in:

: P -
w ¥ ” 5 h 23)
p i 00 i'Y o
which can be further expanded to get:
oy p 100 ('Y o . 0 s
i 0O i YO cio (24)

This results in a thirerder transfer funabn due to the presence of the three enesgyage

element® ,0 and0 .

To studythe impact of this termination impedance on tt@sformer loss, thequivalent
resistanceor the real parpf the impedance network must be evalualadachieve this, Q)
is substituted into (2.4andthe complex conjugate of the denominai®multiplied and divided

to result in:

L p 1 06 Y 6 1 Y6 g 6 1 06
W Y e - . 8 (25)
1T Yo g o 1 00

The total impedance can now be separated into the real and imaginary:parts as
© Y @h (2.6)
Mherduapm] 'Y is the equivalent resistance of the impedance networkis the equivalent

reactance of the impedance netwdskon further simplifying (2.5), the followingxpressions for

'Y andd® are obtained:
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Y -
Y Y — — = hoe Q :
O U] 0 Y] T0 U] T (2.7)

,‘ 0 07 Y7
N 01 q P (2.8)
6 0] 0 Y] 10 0] T ¢O ]

Clearly, Y andd® are a function of thzequency andan be plottd as shown in Fig. 2.7.

1x10°

€max

RE’

0'6_01 0.1 f(MHZ)

Fig. 2.7. Magnitude, real and imaginary parts of Z against frequency.
The above graph was plotted with the following parameters:
o) 6 o pt B op& @Y 18 anfy cam
The Hue, green,and red curves shogghtd and’Y respectivelylt can be observed that at
low frequencies, thampedancenetwork is predominantly capacitive with infinitely high
reactance, and hence impedaate 1t However, a@ particularffrequency where there is

parallel resonance betweén ,0 and0 , there is a large circulatingnergybetween the

energy storage elementgsulting in high impedance in the network at ffeeallel resonant
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frequency. However, thiigh circulating currentalso passethrough’Y , which is in series with
0 . This results inan increasen the termination resistana parallel resonant frequencioo.
Hence,Y dominates th@etwork impedance around the parallel resonant frequencgiaecel it
represents the real loss in the netwadskanalysis is essential to stuttheg gather information about

the transformerodéds termination | oss.

The parallel resonant frequenoan be calculate simply bysettingdd  1tfor the parallel

resonant circuit, resulting in thiellowing expression for thparallel resonant frequengy, :
1 ———=8 (2.9
(2.4)can be rearranged to give:

6 0 8 (2.10)

Y

'[11— ljJTW— 1 6 Y 1 (211)

At low frequencies, L 1 , and hencé’ can beapproximateds’Y  given by
Y — Y 8 (212
At high frequencies, | 7 , andhenceY can be approximated as given by:

Y Y 8 (213

At the resonant frequendy, 1 , and hencehe peakresistancéy , as shown by the

dotted red line in Fig. 2.%¢an be expressed as:
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5
cO 'Y

Y 8 (2.14)

Given that th@perating frequencies of resonant converters are easily pushed to okeiz500
the presence of the parallel loop resormedk around thgypical frequency range of operatios
areason to pay attention to thighavior For examplethe equivalent termination resistance is
more than fourtimes higher aZ00 kHz than atl MHz, which (a)is counterintuitiveas the
termination resistance increases with switching frequeacgl (b)can result in muctsteeper
conduction losses and lower eféaicies than expected &0 kHz. Therefore, thiphenomenon

needs to be studied detail so that its impact on the converter efficiency can be minimized.

2.3 Impact of Filter Capacitance onthe Transformer6 $ermination Loss

The model assumes the capacitdné¢ purely reactive. However, real capacitors have parasitic
equivalent series resistances (EpRvhich could contribute to significant losses in haghtput
current applications and muatso be considered in the moddtig. 2.8 shows the modified

eguivalent impedance model including the capacitor ESRs.

Rtewn R L

Eb&t

I ESR ESR

Fig. 2.8. Modified equivalent circuit model including capacitor ESR
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Adding the resistances will not impact the resonant frequency value. However, it will affect
the equivalent resistanCé as illustrated by the comparison curves in Fig. 2Bach 10 puF

capacitor has an ESR @fmq, and hence parallelinthree of them reults in a net ESR of

067mq, which is considered in this example.
100
a !
E Rt’mn,\‘
= A
z~.:10

w/ ESR = 0.67mQ
w/o ESR

Fig. 2.9. Impact of capacitor ESR on equivaleatrhination resistance

Upon considering the capacifo&SR, theY 'Y and Y have straightforward

modifications, resulting ifYee ,Yee and 'Yee  as shown:

Y 0O°YY
Ye ——— Y 8 (2.15)

Yee Y O"YRH ¢ Q (2.16)

5
= — Y
¢co Y OVYY

Yo 8 (2.17)

It can be observed from Fig. 2.9 tlat a realistic ESR vaky its impacton theequivalent

termination resistance is negligible igpthe resonant frequeneypdhas a slight impadhereafter.
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Therdore, for studiesfocusing on frequencies at or below the resonant frequamc where the

O"YYl 'Y, the ESRcan beneglectedn orderto simplify the model and calculations.

The capacitance value selection fiypically governed by the output voltage
overshoot/undershoot during load transients, angéh&to-peakoutputvoltage requirementst
steady state. Howevefrom equation (2.4), the parallel resonant frequefmythe parasitic
termination loopdepends on the tput filter capacitancé and the loop inductande. For
instance if a capacitance value is selectdtht satisfies boththe transient andsteadystate
requirements, bukesults in the parallel resonant frequebeyng in the vicinity of theswitching
frequency, this will result in high termination resistance, resulting in high conduction losses, and

hence low efficieng.

Fig. 2.10 shows the equivalent termination resistaticas a function of frequency fohree
capacitance value3he transformer hasufficient winding width to accommodatiaree 0805

sizedcapacitoreachfor 6 and® hand this parametés fixed for this study.

1 uF

a
E 4.7 uF
m"\)

10 uF V\
10

0.01 0.1

—
—
o

f(MHz)

Fig.2.10.°Y vs. frequency for different capacitors
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From Fig. 2.10, it can be observedttba increasingthe capacitance, the parallel resonant
frequencydecreaseslhis result indicates that, althoughigher capacitance isetter fortheload
transient and steaebtate output voltage ped®&-peak requirementsit may result in high
termination resistancas the parallel resonant frequency moves much closer to the switching

frequency.

2.4 Experimental Verification of Parallel Resonance

To experimentally verifythe pardlel resonance phenomenamthe terminatios of center
tappedrectifiersin planar transformersas discussed in Section 2.3, th@nsformer impedance
must be measured and verified wille proposed model. Howevat,is practicallyimpossibleto
directly measure theecondarywinding impedanceMoreover,its magnitude is usually very low
( pam) and it is difficultto measureaccurately and consistentfpr meaningful results.
Therefore, the transform@mnpedancaes measured from therimary side fora two-fold benefit
T (a)the impedance camsilybe measured across the two distinct primary winding termisuads
(b) it is easier to capture any small differences in secondgpgdancebecause the high turns

ratio will reflect the mall resistances of the secondary to the primary with a large gain.

However, to validate the measurement, the entire transformer must be muadebdidvould
include the magnetizing indwsiceand the winding leakageductancesFig. 2.1 shows the
completeschematic forone elemental transformeasnd Rg. 2.12 shows the equivalent circuit

modelreflected to the primary sidehere n is the turns ratio
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Fig.2.11. Schematic of one elementahhsformer with CT rectifiers and loop parasitics

£ ™ e,
' oo D En un En En o

Z =X.+R, ' nPLy anwl / n’L, n’R,

L R 4

Fig. 2.12. Equivalent circuit model of transformer reflected to primary.side

The equivalent impedance of the transfornigs given by:
O Osd O h (2.18)

whered® hid il and® are the branch impedances shown in Fig. 2.12 and are defined as:

® Y Q0 h (2.19)
® &Y Q0 h (2.20)
O & OYY——— e 0 (2.22)
8
w & OYYY Qb - P& (2.22)
8
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Modeling the transformealsointroduces magnetizing and leakage inductance bramatoes
the model and thesenust be accounted for fally validate the measurememt.list of different
tests toaccuratelymeasureor model the differentlements in Fig. 2.12 is providdzklow. The
transformer impedance is measured usimgeysight 4990A impedance analyzer with the

Keysight 42941A higibandwidth incircuit impedance probe\.

3.1a8)a910¢ and’Y : The magnetizing impedance braridhcan be measurday setting the
secondaryside tobe anopencircuit (OC), as shown in Fig. 2.13 (a), resulting in the

equivalent circuit modethown in Fig2.13 (b)

- e . .,

(@ (b)

1.E+05
1.E+04
g 1.E+03

E IZ]
= 1.E+02

.

= 1.E+01

N 4.E+00 R.
1.E-01

1.E+04 1.E+05 1.E+06
f (Hz)
(c)

Fig. 2.13. Magnetizing inductance measuremedn) opercircuit secondary, (b) equivalent
circuit model, and (c) impedance and resistance uneasent results.

31



The equivalent circuit modéd modifiedas shown in Fig. 2.13 (Jxesulting in the deing

measureas:

&

(223

From the measurement curves in Fig. 2.13tf@impedance curve is purely inductiup

to 1 MHz, and themagnetizinginductance can be calculated from the slopke

magnetizing resistanég a representation of the cdoss ands obtained directly from the

measurement (green curve in Fig. 2.13 (b)).

3.2[a1010xand’Y : Theleakagampedance brancéd can be measurday settingone half of

the secondargide tobe ashortcircuit (SC) as shown in Fig. 241(a), resulting in the

equivalent circuit model shown in Fig. 4.(b).
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Fig. 2.14. Leakage inductance measureméa) shoricircuit secondary, (b) equivalent circuit
model, and (c) impedance and resistance measurement results.



The equivalent circuit model is modified as shown in Fig. 2.14€bllting in the Zeing

measure@s:
O OW WOl w8 (2.249)
From the measurement curves in Fig. 2.13tf®),leakagenductance can be calculated

from the slopeof the impedance curv&he magnetizing resistance is a representation of

the winding lossand is obtained directly from the measurement (greewecuin Fig.

2.14(c)).

3.3]Capacitand[a11] measurement: The capacitance and the &3Re ceramic capacitoese
measuredising thel6034E test fixture for surfagaounted devices (SMDs) attached to
the Keysight 4990Aas shown in Fig2.15 (a).The impedance gasurement results for

one sample, a 25V 4uF X8L 0805 is shown in Fig. 2.15 (b).

1.E+00 \ —

1E02  ——— é

1.E-04 ESR (Q)
C (F) J

1.E-06

1.E-08 ESL (H)

1.E-10 L

1.E+04 1.E+05 1.E+06 1.E+07 1.E+08
Frequency (Hz)

€Y (b)

Fig. 2.15. (a) 16034E probe with device under test (DUT), and (b) capguit@meter
measurement.

Three capacitonsith low ESRswere tested for this study, and thesults are summarized

in Table 2.1
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Table2.1. Summary of selected capacito\rs

R.ated Package Vo_Itage Mefe\sured ESR (my) Tempt_ar_ature
CapacitancuF) Rating (V) CapacitanceyF) Coefficient

10.0 0805 25 8.6 2.0 X7S

4.7 0805 25 4.1 6.5 X8L

1.0 0805 100 0.95 4.7 X7R

3.4[a12)0; and'Y : It is impractical toaccurately take physicalmeasurment ofthe leakage
inductance and resistance of the terminatioe to the small magnitudes. Therefore,
FEA Q3D simulationsre performed to simulate the terminationp inductanc® and
resistancéY . The simulatedAC 0 and'Y values at differentréquencies are shown in

Fig. 2.16.

0 0.5 1 1.5 2
Frequency (MHz)

Fig. 2.16. SimulatedAC 0 and’Y as a function of frequency

The ACO and'Y vary with frequeng, and since the exact parallel resonant frequency is
not known beforehandthe exact values for the AG and'Y cannot be selected.
Therefore, an averagever a realistic frequency range taken, whichin this case is

selected a8.5MHz 1 1.5MHz, and results in the following values:

05 op i By 184 . (2.25)
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Once all the parameters are accounted tfog hardware measurement can be successfully
validated by théransformer modelnstead of the impedancégttransformeresistance is studied
because it provides a direct relasbip withthe transformer logsvhich ultimately determines the

converted sfficiency.

The transformer resistance was measwungthe three capacitolisted in Table2.1mounted
as the output filter capacitonsig. 2.17shows theneasured transformer resistances with the three

capacitors as solid lines, and thedrled curves as the dashed lines.

1000

10uF 4.7ufF |} 1uF

Measurement
== =: Model

100

1.E+04 1.E+05 1.E+06
Frequency (Hz)

Fig. 2.17. Measured and modeledjuivalentransformer resistanagrsus frequency
Severalkconclusions can be drawn from therves:
1 The model agrees Wevith the measurements within reasonahbk&rgin ofmeasurement error
1 The resistance curves can be seen to tvaogeaksone atalow frequency corresponding to

the parallel resonanégevolving the magnetizing inductance branch, andaotierat a higher

frequency corresponding to that involving the parasnip inductance branch.
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1 As the capacitance increases, the parallel resonant freqaadche peak resistancethe
parallel resonant frequency decrease.

1 The parallel resonant frequency of tparasitic loop should be kept far awapm the
converted switching frequency to minimize the transformer resistance, and hence transformer
loss increase. For exampiehen operating at MHz, the measured transformer resistances
for the 1QuF, 4.7uF and JuF capacitorare642 ng ,1.41q and 714mq, respedtely. This
shows that at MHz, simply by changing the output capacitance flb®ruF to 4.7 puF, the
transformer resistance, and hence the winding leisincrease by almost 100%, which is
significant.

These results provide a general design guideline for output filter capacitor sefi@cptanar
transformers with centdappedrectifiers so as to minimize the impact of tharasiticparallel

resonant pak on the transformér sesistance ahe switching frequency.

2.5 Conclusions

In this chapter, the terminatiodesign in planar matrix transformers with ceritgped
rectifiers have been studieddvances in termination desigmave been reviewedncluding
minimization of the tenination loss by moving the secondary layers to the top and bottom PCB

layers such that th®Rs and output filter capacitors can be placed directly on.them

However, thissolutioninvolves splitting the output filter capacitance between the top and
bottom layers, which results in a long parasitic path between twitn significant parasitic
inductance. This inductance resonates with the parallecbreontaning the filter capacitors,

resulting inresistancepeaking at the parallel resonant frequency.
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The parallel resonant freguncy is dependent on the parasitic inductance and the filter
capacitance. In this study, the impact of filter capacitance on the parallel resonant frequency is

studied With higher capacitance, the parallel resonant frequency reduce

This concept isexperimentally verifiedby measuring the transformer impedance and
resistance with different output capacitors. However, the entire transformededed sincéhe
impedance must be measured from the primary Side.model verifies the measurement within
experimental tolerance, and verifies the hypothesis thatrémsformer resistance, and hence
transformer conduction losses, are highest if the switching frequency is at the parallel resonant
frequency hence thdatter must be moved far away from the formerdptimal efficiency. For
example, at 1MHz operation, either theuE or the uF capacitor may be used, but therallel
resonant peak witthe 4.7uF capacitords right around 1IMHz, resulting in almost douk the

transformer resistance.

The future scope for this work includes investigating the termination parasitic |atgtar
andattempting to minimize the loop inductance in order to push the parallel resonant frequency
further up the frequency, therelngducing the impact of the capacitanselectionon the

converted performance.
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Chapter 3.Improved Symmetrical Shielding Technique

for Planar Matrix Transformers

3.1 Introduction

The planar matrix transformer with PCB windings for resonant convertessbkan
demonstrated to exhibihigh efficiencies andhigh power densities, whileealizing high
reproducibility and the ability to be mapsoduced. However, the largeosssectional area of the
transformer results irsignificant overlappingand limited dstancebetween the primary and
secondary windinggresultingin large interwinding parasitic capacitances between the primary

and secondary s#d, as shown in Fig. 3[28].

(b)

Fig. 3.1. (a) Schematic of LLC converter with switching nodes, and (b) CM noise sources and
coupling paths.
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There are fourvoltage pulsatiomodes in the converter ithigh'Q @Q & the halfbridge
switching nodev , thevoltage applied to the transformer primary windiog and the drain
source voltages of the twBRs® andw , as shown in Fig. 3.1 (afig. 3.1 (b) shows the
simplified CM noisecouplingpath with the lumped switching voltages. andw are equal in
magnitude and opposite in phase, and hence tante a ¢ h €M hotse.Anastherpath for
the CM noise coupling is fromd to the primarygroundthrough aotherparasitic capacitarmc
0 .However,0 isgenerallymuch lower in magnitude thad and henceo dominateghe
CM noise going through the transformseimce it has a path through the large wanding

capacitors

The interwinding current can be expressed as

N6 —. (3.1)

To mitigatethe CM noise through , either theQw TQ @anbe reducegdor the propagation
path capacitanc@ can be minimized or eliminate@o achieve thisthe shielding technique is
commonly employed29][30]. The idea is tantroduce additional PCB layers to the transformer
between the primary and secondary layetsch canconduct the CM noise current back to the

primary side.

Fig. 3.2shows tle schematic and thmodified PCB layer stackp of the previougl four-
layer PCB planar matrix transformeith shielding One shield layer is added between esetf

primary and secondary layeresulting in aix-layer PCB.
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Fig. 3.2. (&) LLC converter schematic, and (b)-tayer PCB stackip.

The shield layers are placed betwdlem primary and secondalgyers andare connected to
the primary ground such that the induced CM noise from the primargdkea by the shield and
conducted back into the primary ground, thereby isolating the secondary side. Hawever,
induced voltage ithe shield windinggct as another voltage pulse source, and henciicher

conduct current to the secondaigleif not carefully designed.

Shield

Sec2

Sec. GNTD 0

@ (b)

Fig. 3.3. Equipotential shield windingga) shield and secondary windings, and (b) potential
mapping across the windings.
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The shield winding must be designed identical to the secondary winding, such that there is no
potential difference between the two, and hence no current flow. Fig. 3.3 illustrates this concept,
asthe oneturn shield layer is identical to the chan secadary layer.The windingcan be
expanded along the-axis, along whichthe voltage potential can be mapp@&drminal B of the
secondary winding is connected to the secondary ground. Hence, the potential from A to B reduces
from an arbitrary Vto 0. Tomakehe shi el d winding identical,
connected to the primary ground, since itucedCM noise currat must be sent back to the
primary side. Due teéhe identical structures of the two windings, the poterdial t er mi n a l
alsoV. Since the voltage potential at each point on the two layers is identical, there is no CM noise
currentgoing from the shield to the secondavoreover, the two windingsmainatequipotential

even if the shield winding is rotated about its cehtean arbitrary angle [29].

However, there are now two additional layers that conduct current in the planar transformer,
leading to additional losses, and hence lower efficiency. Since the induced curemtiis
magnitude, typicallyow-weightcopper isused to desigthe shield layers to minimize the induced
eddy currents tht increase with copper weight. However, CRE&ntlyproposed anodified
shieldingtechngue that utilizes part of the shield windings as part of the primarglings to

improve the overall converter efficiency [31].

Fig. 3.4 shows the proposed shieldinghtéque as part of the primaridalf the shield
windings are connected in parallas they have the same voltage potential at the terminals. Next,
thepr i mar y terminatconnegted@o the primary ground is disconneetedis instead

connected tone end otheparalleled shield windings
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Fig. 3.4. Modified shielding technique witbhielding as part aheprimary.

It can be observed that, in addition to the 16 primary turns, four shield windings also carry
onefourth of the primary currentvhich is equivalent tan additional primary turn. This results
in a net turns ratio of 17:iyhich results ina lower primary current and hence loweprimary
device conduction lasi by around 10%Therefore, the increase transformer loss due to the
addition of the shield layers can be offset by the reduction in primary device conducton los

resulting inanegligible reduction, if not an increase converter efficiency.

The winding structure for the proposed shielding is shown in Fig.T8& primary current
exits the primary layers and enters the Layer 2 shigidn which it splitanto the four matrix
transformers anadonducs on windings alternating between the two shield layers for better
interleaving and current sharinginally, theprimary current merges in the Layer 5 shield and

drains into the primary ground.
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) (b) (c)
Lol

(d) (e)

Fig. 3.5. PCB windingarrangemenfor proposed shieldinda) transformer schematiath
proposed shielding, (b) Layer 3: primary, (c) Layer 2: shielding, (d) Laymimary, and (e)
Layer 5: shielding.

Thistechnique was incorporated into #asting800W400V/12V LLC converterunning at
1 MHz. The hardware prototype shown in Fig. 3.6. ie measure@M noise and the converters
efficiency compared witkhat ofthe converter without shielding is shown in gz (a) and Fig.

3.7 (b) respectively.
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Fig. 3.7. Hardware testing results of 400V/12V LLC with proposed shieldiagCM noise
comparison, and (b) converter efficiency comparison.

The CM noise was reducatnificantly’ by up to 30 dV i with the proposed shielding.
Moreover, instead of sacrificing efficienayjmproved the peak efficiendyom 97.6% to 97.7%

and the fulload efficiency from 97.2% to 97.4%ue to the lower pri@ry device conduction

lossesecause of theigher turns number.

While this work has substantial significaneefew aspects of the modified shield structure
were not studied. This chapter will investigate impact the modified shielding has on other
aspects of the converter performansech asurrent sharing anlkakageinductance symmetry,
and propose solutions to further improve the performance of the converter.
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3.2 Current-Sharing Study in Matrix Transformers

Due to the presence of multiple output sets in parallel in the matrix transformer, it is crucial to
maintain good current sharing among them, failing which can result in lower efficiencies,
especially at heavier loadBhereforejmproving current sharindgpetween thearallel output sets
is essential to maximizg converter efficiency.In addition to ensuringequivalent paths
(connecting wires) from the output of the transformer to the foadll output sets, the internal
transformer structure should alke investigated for any potential impedance imbalances, which

could lead to currergharing issues.

Oneway to study current sharimg the matrix transformas to study the thermal performance
of the different elemental transformers, asoutput carryng higher current would be hotter.
However this would be a suitable method only in ideal conditisnsh as witmo external cooling
and a perfectly symmetricalthermal cameraor thermocouplepositioring. Moreover, each
elemental transformer in the converter ddferent components in its vicinity, which meahe
heat dissipated from neighboring components could affect the temperatures of the elemental
transformers. This requiresa@mprehensive stydof the thermal resistance network for each

elemental transformeamnd calibratn of thar temperatures, which is beyond the scope of this work.

A more accurate method of studyitige current sharings to directly measue the secondary
current flowing ot of each elemental transformebput this is not a practical approach
Alternatively, the drairsource voltage$w ) of the SRs can be measured to get an accurate
representation of the current flowing through thé&ing. 3.8 showsvaveforms of interest on the

secondary side #heresonant frequency during chelf of aswitching period.
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Fig. 3.8. Waveforms of interesin the secondary side during emaf of acycle of operation

Fig. 3.8plots the primary gateource voltaged§ ), the transformer secondasyde voltage
(w ), the SR drairsource voltaged ), the SR sourcadrain current’© ; ), and the SR
gatesource voltages§ ; ) from top to botbm. The state of the converter at different times after

the primary switch is turned off are explainadhe following.

0:The w of the SR reaches 0 and it starts conducting through its body diode to reduce the

w to the negative of the body didildorward voltage ( w).
0 : The SR channel is turned,andw O Y v r -

0 : The SR channel isitned off just beforéhecurrent serocrossing. The remaining current

conducts through the body diode, again reducingathef the SR to .

0 : The SR current goes to 0 and the body diode of the SR stops conducting. Théthe

SR stats charging.
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By

sufficiently

eof instans, thgr driaikseurceSWRIages damu lben

measured, and the period betw@emando can be analyzed tobtainthe relative quantity of

current flowingthrough eaclelementatransformer

Fig, 3.9(a) and Fig. 3.9 (bdhow themeasured draisource vtiages of the SRs during the

turn-off instances of the two hatlycles of operation at fulbads. Fig. 3.9 (c) shows the positions

of the SRs in the two secondary laye@n the bp secondary layer, SR3 and SR7 operate in the

first half-cycle SRA, whereas SR2 arfsR6 operate in theecondhalf-cycle SRB. On the bottom

secondary layer, SR1 and SR5 operate irfithehalf-cycle SRA, whereas SR4 and SR8 operate

in thesecondhalf-cycle SRB.

v "SRA | ||/
50ns/
P e 11
(Bottom side S zs)_f \/ /5R3 SR
T (Top sid
" 110 ns SRS)T
S ————[Al13]
(@
v 'SRB |
50ns/
SR4 SES /
(Bottom side SRs) SR2
o —— piiifATop side
' 95ns | SRs)
(b) (c)

Fig.3.9.  waveforms of SRduring the turroff instant (a) first halfcycle, (b) second half
cycle, and (c) SR positions on the transformer.
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Two observations can be made fréng. 3.91 (a) the body diode conduction periods in the
two halftcycles are asymmetrigalith ~110 ns and ~95 ns for the first and second-daife,
respectivelyfor the topside SRsand(b) the body diodes of the SRstime bottom layer (closer
to theair gap) stop conducting before those in the top layer (away from the pifT@se issues

are critical and arstudied in tle subsequergectiors.

3.3 Improved Current Sharing with Symmetrical Shielding

The explanation fothe asymmetrical bodyliode conductiomperiodsin the two halcycles
can betraced to the shieldindesign.From Fig. 3.5(c), Fig. 3.5(e) and Fig. 3.9 (¢)it can be
observed thatnly one shielding layer in each leg conducts dljkn'mtg halfcycle$A14]. However, the
conducting SRand hence the conducting secondary lagleernates between the top and bottom
layers during one switching cycle. This leads to different proximitigseodonducting shield layer

to the conducting secondary layas shown in Fig3.10 (a).

15t Half-Cycle 2" Half-Cycle
Conducting Sec A Non-cond. Sec A
Conducting Shield Conducting Shield
Primary 1 Primary 1
Primary 2 Primary 2
Non-cond. Shield Non-cond. Shield
Non-cond. Sec B Conducting Sec B
15]
@ (b)

Fig. 3.10. Conducting layer proximities with tlegiginal shielding technique(a) first halfcycle,
and (b) second hatfycle.

Thearrows indicate the proxins between the shield and secondary layers. The dotted lines

represent the neconductingayers,andthe solid lines represent the conductiagers. Toverify

48



this, 3D FEA smulations were performedand the leakage indtances of the conducting

secondary windingn the two halcycles argotted in Fig. 3.11.

[=
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T
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0
Trl Tr2 Tr3 Tr4

Fig. 3.11. 3D FEA simulated leakage inductances of secondary winditlgoriginal shielding

It canbeclearly observed that the leakage inductances are asymmetrical in the toychesdf
This leads tddifferent resonant periods in the two hejfcles, resultingn different secondary
currents, which was reflectéy the different bodydiode conduction periods in the two halfcles

shownin Fig. 3.9.

The intuitive solution for this issue is to paraliieé two shield windingg each elemental
transformer, such that the proximities between the conducting shield layer and the conducting

secondary layesirethe same in both hatfycles, as shown in Fig. 3.12.

1%t Half-Cycle 21 Half-Cycle
Conducting Sec A Non-cond. Sec A |
Conducting Shield Conducting Shield
Primary 1 Primary 1
Primary 1 Primary 2
Conducting Shield Conducting Shield
Non-cond. Sec B Conducting Sec B

. 16]

@ (b)

Fig. 3.12. Conducting layer proximities with the modified shielding technigagfirst half
cycle, and (b) second hatf/cle.
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It can beobservedhatwhenboth shield windings conduct, the proximities are symmetrical
in the two halcycles. This isverified by the 3D FEA simulations performed on the modified
transformer to calculate the leakage inductances afdhductingsecondary windings the two

half-cycles as shown in Fig. 3.13.

15

10

Leakage L (nH)

Trl Tr2 Tr3 Tr4

Fig. 3.13. 3D FEA simulated leakage inductances of secondary windiilgsnodified
shielding

Fig. 3.14 shows the modified shieiinding PCB desigrwith all the shield windings
paralleled.The primary current exits the primary windings through the bépokand entershe
Layer 2 shield winding, after which it symetrically splits into all eight shield windings (four on
Layer 2 and four on Layer 5rbugh the blue vias)Finally, the split currents converge back

through the black vias in Layer 5 and drain into the primary ground.

However, wherthe shield windings of this improved design are simulate&BA 3D, the
current densiés are much higherdin the original shield windings, as shownlhia comparison in
Fig. 3.15. Morever, the current directienn the paralleled shield windingsre antiparallel
indicating circulating current in the shield windings. This resule 190% increase in the shield

winding loss (1.9V versus 0.6%V with the original shielding).
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(d) (e)

Fig. 3.14. PCB windingarrangemenfior improved shielding(a) transformer schematic with
improved shielding, (b) Layer 2: shielding, (d) Layer 4: primary, and (e) Layer 5: shielding.
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Fig. 3.15. 3D FEA simulated current densitpmparison between original and improved shield
(a) Layer 2 shield in original shielding, (b) Layer 5 shield in original shielding, (c) Layer 2 shield
in improved shieldig, and (d) Layer 5 shield in improved shielding.
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Fig. 3.16. Currentdirections in the paralleled shiehindings in the improved shielding
(a) Layer 2 shield, and (b) Layer 5 shield.
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To understand the reason for the circulating currentelénaric field distribution within the

six-layerplanar transformemust be studied, as shown in F3gl7.

H [Am]

5000.0000
l4886.9072
| P Cond. sec1

4000.7205 .

3667.6274 Shield1

33345344
3001.4412

x| Primary
E 2335.2551
N 2002.1619

w0 = Shield2
‘7 1335.9757

wzse6| Non cond.

669.7895

s sec2

36033 7]

Fig. 3.17. Electric field distribution within the layers afPCB transformer witiCT rectifiers

As discussed irBection2.1, for transformers with CTectifierson the secotary sidethe
planar transformer desighat haghe secondary windings on the top and bottom laigdostter
in terms of terminatiofoss. However, ihas worse interleavingith the primary windingsascan
be seen from the 2D FEA simulated electric field distribuindsetween the PCB windings of the
planar transformeduring one halcycle Since only one secondary layer conducts in each half
cycle, theelectric field distributions asymmetrical withirthe transformerThe shield layer closer
to the conducting secondary generates eddyents to cancel the magnetic fields from both
secondary and primary windings between which it is placed. However, the other shield layer,
which is placed between theipary windings and the neconducting secondary winding, only
induces eddy currents from the magnetic field of the primary windings. Thus, circulating current
is induced to reduce the leakage energy difference between the two shieldrestéting in tle

high curremtdensityand shield winding lossgeas observed in Fig. 3.15.

53



The solution for this is to expose both shield windings to equal electric fields within the
transformer. To achieve this, the litare concept of interleavings implemented in th PCB
windings. Fig. 3.18 shows tmeodified shieldwinding arrangementvhere the two parallel shield
windings are interwound such that the equivalent electric field is homogeneous around both shield

layers, resulting in no circulating current

SR4

L1:Sect — ] —

L2: Shield1
L3: Prim1
L4: Prim2

L5: Shield2

L6: Sec? maammmm DS

() (b)

Fig. 3.18. Interwoundparallelshield layers to homogenize the electric field aroiinean (a)
crosssection view, and (b) current flow in 3D view.

As can be observed, ®mploying viasthe two shield windings can be interleaved such that
the equivalent electric fielslaround both shield layeesre symmetrical After this modification,
the 3D FEA simulatioryields normal current densities in the shield windings, as showgi
3.19.The shield winding loss is OW, which is8% lower than the original shield winding due to

betterprimary current distribution acrossthshield windings.
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Fig. 3.19. Current density in the paralleled shield windings with interleaved shielding
(a) Layer 2 shield, and (b) Layer 5 shield.

(d) (e)

Fig. 3.20. PCB windingarrangementor improved and interleaved shieldin@) transformer
schematic with improved shielding, (b) Layer 3: primary, (c) Layer 2: shieldingager 4:
primary,and (e) Layer 5: shielding.
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Fig. 3.20 shws the final PCB winding arrangement of the improved and interleaved shield
windings. The green vias on the four corners of the matrix transformer are used to interleave the
two shieldwindings.Although they make holes to pass through the primary wingiagish are
sandwiched between the two shield windings, the current densities on the winding caners ar

negligibleas far as causingsignificant increase in winding loss.

3.4 Impact of Transformer Airgap on Leakage Inductance

From Fig. 3.9, it can babserved that the boeljiode conduction periods of SRs that are placed
on the bottom layer are lower than those placed on the top layer. This is because of the different
proximities of the two secondary lagao the transformér airgap. Fig. 21 (a) shavs the cross
section of the construction of a typical platk@nsformer; as shownhe airgap is situated just

outside the PCB, hence making it closer to one of the secondary layers.

The leakage inductance paths for the two secondary layers on theddyottom layers are
shown in the transformer cressctional view in Fig. 3.21 (é32]. For the secondary winding in
the top layerthe reluctance of the leakage pathis , whereas that for theecondary winding
in the bottom layers T & ¢ T . Since air hasmuch high reluctance thathe ferrite core,
the leakage path for the secondary layer close to the airgap has higher reluctance, and lower
leakage inductance than the secondary layexry from the airgapTherefore, as can beesein
Fig. 321 (b), the higher leakage inductances of the secor(disy seen in the 3D FEA simulations
in Fig. 3.11) result in gower bodydiode conductiormperiod as compared tbhe SRs on the top

secondary layer (Fi®.9),and this causesomecurrert-sharing issues.
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Fig. 3.21. Asymmetricalleakage inductancandcurrent sharingvith airgap on one end of
transformer (a) leakage inductance path for secondary, ané (bdf SRs during tursoff.

To achieve bettesymmetry, the airgap can be moved to the middle of the transformeasieg
shown in Fig. 3.22 (aBy doing so, theeluctance of the leakage pathand hence the leakage
inductancd will be more symmetrical for the top and bottom secondary lajéis results ira
significantly lower difference in the boeyiode conduction periodsetween the SRs on the top

and bottom secondary layers, as showfig 3.22 (b).

o 50ns/

: /
. (Bottom side SRs) j

SR3 SR7
__(Top side SRs)

(@) (b)

Fig. 3.22. Symmetricalfringing flux and current sharing with airgapthre middle of
transformer (a) fringing flux with airgap in the middle, and @) of SRs during turroff.

However,moving the airgap to the middle alegposes the other PCB layers to the fringing
flux of the airgap, thereby dlucing eddy currents in thewo [33]. Since the eddy current loss is

independent of load, this results in a reduction in the-lmgd efficienciesvhen a hardware
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prototype of the 800W 400V/12V LLC converter running at 8Bz was tested with the airgap

on one side and in the middle, as shawFig. 3.23.

Converter Efficiency (%)
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[A19]
Fig. 3.23. Efficiencyreduction when moving the airgap to the middle

One solutiorfor mitigating the eddy current induction in the PCB laye¢msat occurdue to
the fringing flux of the agap is to increase the clearance between the transformer core and the
PCB windings. However, while maintaining the same transformer footprint, doing so will reduce
the winding width correspondingly. At light and medium loads, the eddy current tasgeéisute
a significantpercentagef the transformer losgind hence thelearance between the transformer
core and PCB windings can be optimized to minimize the transformer loss. However, at higher
loads, thepercentage of the&inding losses arsohigh that any reduction in fringing losses from
increasing the clearance is overshadowed by the increase in winding loss due to lower winding

widths.

3.5 Hardware Verification of Efficiency Improvement

To verify the currentsharing impreementwith the symmetrical shielding structure over the

previous asymmetrical shielding 400V/12V LLC convertewas built with the improved
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shielding techniqueand the converter efficiey was compared with the previous shielding

technique, as shown Fig. 3.24. The converters were operated atlG
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Fig. 3.24. Efficiency improvement with improved shielding

It can be observed that, witthe better current sharinghat happenswith improved
symmetrical shielding, the conduction losses are lower, resultiag improvement in fulload
efficiency by up to 0.25%, whictepresents a converter loss thatrigsund 2W lowerThis result
exhibits the importance of having good current sitadbetween the different elemental

transformers in the matrix transformerhigh-current applications.

Fig. 3.25 shows the measured CM noise spectrum ot L@ converterwith improved
shielding as compared to that with previous shielding aondshieldhg. As the fundamental
shielding concept remains the same in the two shielding techniques, a CM noise reduction of
around 25 dRV over most of the frequency spectrum up to 20 MHz can be achieved over the
converter with no shielding. This exhibits that, twisimilar shielding performance, the
symmetrical shielding can achieve higher converter efficiencies over the previous asymmetrical

counterpart.
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Fig. 3.25. CM Noise measuremespectra.

3.6 Conclusions

This chapterhasdiscussed the requirement for shielding in planar matrix transformers, and
reviewed the existing techniques of shielding, the most effective being one where half the shield
windings double as primary windings to increase the effective tuinssat, thereby improving
efficiency.

Next, the current sharing in the matrix transformer was studiezkémining theo of the
SRs duringheturn-off period Different leakage inductances of the secondary windings in the two
half-cycleslead to diferentbody-diode conduction periogsesulting in currersharing issug
This challengewas traced to the asymmetrical shielding structure, where the same shield layer
conducts in both halfycles,which resuls in different proximities to the conductiregecondary
windings.

This issue was addressed by paralleling the two shield windings. However,ithpettect

interleaving inthe centertappedrectifiers, the two shield layers are exposed to different electric
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fields in the transformer, resulting aarrentcirculating among them. Tavercome this, the litz

wire concept was implemented on PCB windingsthis approachthe two shield layers are
interleaved and parallelesksulting in them being exposed to the same electric field. The modified
shieldng structure was shown to hasygmmetrical leakage inductances in the two-bgitfles of

operation, resulting in much better current sharing.

Moreover, the location of the transformer airgap also affects current sharing in planar
transformers. Typically,he airgap is placed on one end of the PCB windings. However, this
approachresults inaninduction of eddy currents in the secondary layer closer to the airgap
which causes &aigher leakage inductand¢e occurthanon the secondary layer away from the
airgap.To address this, the airgap can be moved to the middle of the PCB such that both secondary
layers are exposed to equal fringing flux, resulting in symmetrical leakage inductances. However,
this also meaneddy curents will be induced in the other PCB layers duaéir proximity to the
airgap.This affect can be reduced by increasing the clearance betweemthegs and the core
leg,at a cost of lower heavipad efficiencies due to lower winding widths at theng transformer

footprint.

Finally, to verify the improvement in curresharing, an 800W 400V/12V LLC converter
prototype was developed, which could achieve up to 0.25% higher efficiency -btafiilas
compared to theonverter with the previous asymme#l shielding. Moreover, both shielding

techniques achieve similar reduction in CM noise as compatéd tmnverter with no shielding
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Chapter 4.Resonant Frequency Optimizationof LLC

Converters

4.1 Introduction

As discussed in the introduction, the motivation for this thesis is to further improve the

performance of the previous CPES 400V/12V LLC converieorderto keep pace with the
performancéevelsof the latest technologiesd with the eveincreasing demndfor datacenters.
In the previous chapters, different aspects of converter performaneestudied to improve the
converted efficiency, including termination design optimization aral design that achieves
improved currensharing withsymmetrical shieldingThis chapter willaddresanother aspect of
converter performance optimizatiorthe switching frequency.

For LLC converterssuch as this oneperating as unregulated EIC transformersthe
converter swiches exclusively at theesonant frequergat which point the converter efficiency
is at itsmaximum.In all the previous work that CPES did on the 400V/12V LLC converter, the
switching frequency was fixed toNMIHz in orderto exhibitthe high-frequency operability and
high powerdensities of the converter.

However, the various losses in the converseich as the device lossasdthe transformer
losses,arehighly dependentn the switching frequencys shown in Fig4.1, tie device turvoff
loss, the gate driving loss and the conductassesall increasewith frequency. Moreover, the
transformed wvinding losses also increase with frequergince the winding AC resistance and
the winding currents increase with frequefi84]. Howeverthetransformed sore losslecreases

with increasing frequency, as Fig. 4.1 shawshe core los®f the ML-91s materiakt fixed
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voltage exitation. Lower core losses at higher frequencliEsathe transformer size to lsérunk

which isthe main motivation behinglushing for higher frequencies.

15 15
15 *same winding thickness
=10 S10
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w S
2, Turn-off loss P Secondary 85 /
Gateloss = 3 5 — Primary
0 i 0
0 500 1000 1500 0 Primary 0 500 1000 1500
Frequency (kHz) 0 500 1000 1500 Frequency (kHz)
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[A21] [A22]
(a) (b) (©)

Fig. 4.1. Converter losses that increase with switching frequed@agydevice switching loss, (b)
deviceconduction loss, and (c) transformer winding loss.

0 500 1000 1500
Frequency (kHz)

Fig. 4.2. Transformer core loss decreases with switching frequency

There is clearly a tradeoff between the differnsses in the convertevith changs in
frequency Moreover, for lowvoltage, highcurrentapplications such as this oneetbsses that
increase with frequendgonduction losseg)utweigh the one that deeases with frequendggore
loss) asseen inthe converterloss breakdowat 1MHz in Fig. 4.3. The red bars show the losses
that increase with switching frequency and the blue bar shbev loss tht decreases with
switching frequencyClearly, for suctapplications, the switching frequency must be optimized to
maximize the efficiency, while also studying the impact on power density.
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Fig. 4.3. Loss breakdown of 400V/12V LLC converter avHz.

In this chapter,he switching frequency for tr#00V/12V LLC converter is optimizedore
loss densities of different ferrite materials awaluatedand a material selection guideline is
provided. Finally, the conver@riss and power density are evakaat different frequencies,
and the optimal frequency is selected. The performance improvement is showchdetdwiare

results at the optimized frequency.

4.2 Optimal Ferrite Material Selectionat Different Frequencies

Fig. 4.4 shows the flowchafidr optimizing the switching frequency of the LLC converter.

Select Set culate g
Setfs —p ferrite =p Transformer sfonner caicu i:’ ! GC:re an
material Footprint Dimensions ol L]
Sweep Transformer
Dimensions

Sweep footprint <«

Sweep frequency [A24]

Fig. 4.4. Flowchart showing switchinffequency optimization process
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The first step is to selettie best ferrite materiak the selected switching frequengypically,
Mn-Zn ferrite materials are used to design the transformer cores iffragiency applications
[35]. Companies desigasingdifferent materialswhich arethenrecommended to be oded at
a specificfrequency range for optimgerformance Among those, théerrite material with the
lowest core loss density is typically selectedtfar transformer design. The core loss density

is given by the populeBteinmetzquation:

0 Q¥ IQh (4.1)
whered is the peak magnetic flux densin the core Qis the switching frequency, andj ,
andQare the Steinmetz coefficients that arequely defined for each materidoreover,6
can be defined as:

. 0Qo

i (42)
CeO T0 'Q

wherev is the instantaneous output voltages the turns ratio) is the crossectonal area of

the coreand”Yis the switching periad

Combining (4.1) and (4.2, can be written as a function 6 asfollows:
y e @
0 W—— 0Q 8 (4.3)
10

Generally] | for ferrite materials, which results areduction ircore loss density with
increassin frequencyAlso,| 1 determiresthe degree to which the core lognditydecreases

with increassin frequency.
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The materials datasheets typically provideerageSteinmetz coefficients for different
frequency rangg butthis results in some unanswered questideading to the motivation to

experimentally measure the core loss dessit

To demonstrate thishe 3F3 material from Ferroxcube can be used as an example. Table 4.1
shows the Steinmetzoefficients provided in its datasheetwhere different coefficients are

provided for different frequency ranges.

Table4.1. Steinmetz coefficients for 3F3 from datasheet

SwitchingFrequency (kHz) K I |
20071 400 2.2x 10° 2.6 2
4007 700 6.5 x 10° 2.45 2.42

It can be observed that from 2@6lz i 400kHz,0 ® "Q 8, which means increasing the
frequency within this range will be beneficimwardreducing the core loss densityloreover,
from 400kHz i 700kHz,0 © "Q 8 | which meanshat in this frequency rangicreasing the
frequency has negjible impact on the core loss density, henegating any benefits of doing so.
However, from the average Steinmetefficients provided in the datasheets, it is impossible to

pinpoint the exact frequency at whifrequencywill stop impacting core loss density.

Another discrepancy can be observed from the Steinmetz coefficients provided in the
datasheet for Mi91s fiom Hitachi metals. Table 4.2 shows different coefficients provided for

different frequency ranges.

Table4.2. Steinmetz coefficients for MR1s from datasheet

SwitchingFrequency (MHz) K I |
0571 2.02 x 10’ 3.553 2.241
1713 2.067x 1011 3.077 2.784
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The0 calculated at MHz (and6 Y 1 “Yatypical design pointlusing the firstand
second setof coefficients results i0 X p Ro¥a andd T T QNG , respectively a
significantly large 62% difference. Thereforasitifficult to determinghe exactore loss density

at the boundary frequencidsfined bythe datasheets

These reasonked to the requirement to experimentally measure the core loss densities of
variousmaterials to accurately characterize therdifi¢rent frequencieDifferent Mn-Zn ferrite
materialswith low core loss densities (according to their datashee&electedfor testing, as

summarized in Table 4.3.

Table4.3. Mn-Zn ferrite materials selected for core loss testing

Recommende&ange Material Manufacturer
Low Frequency 3C98 Ferroxcube
(Q 1 mM@Od ML27D Hitachi
, ML95s Hitachi
(T Tl:g;%udm“greqqzj i[rlg’{o(j 3F36 Ferroxcube
‘ ' P53 ACME
High Frequency ML91s Hitachi
(Q g r@oad DMR-51W DMEGC
P63 ACME

The core losslensities are measurading toroidal cores, such that there is uniform magnetic
flux throughoutthe core.The two-winding method with capacitive cancelati@amd partial

cancelation concept is used to measure the core loss der3§}i83]|

The core loss densities of all thmaterialsaremeasureat room temperatura different
and at differentQ resulting in numerous curvebo make the characterization and comparison
significantly simpler ananorestraightforward, the performance fadoff different materials are
evaluated 38][39]. The physical significance of this parameter can be understood from the

following equations:
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wheredis the mean path length for the magnetic flixcan then be expressed as:

6 ¢10@ | i (4.5)
0 b

Rearranging (4.2p move™Qto the lefthandside(LHS),

(6] Q0 ——8 (4-6)
T0

Substitutingd from (4.5) irto (4.6)yields

5 o0 LU 4.7
T 0€li0@T i
The term on the LHS can be defined as the performance fa¢tas;
.0 OB (4.8)

It can be observed from (4.7) that fa fixed core loss densigndeffective path length (core
size), a material with higher performance factor will result in a lower corevluses achievinghe

same output voltage.

Based on this, thperformance factors of the different materials were calculated and plotted
against fie switching frequency at a fixéd T@c Tai , which isthe typically observed value

for this application, as shown in Fig54.
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Fig. 4.5. Performance factors of ferrite material®at T@w Fot .

The frequencies for the different materials were pushed until the performance factor curves
started plateauing, as can be seen in the curves for ML27D andsMLBig. 4.5. The frequency
was swept from 10&Hz i 2 MHz and the eight listed materials were tested in the relevant
frequency ranges. Based on the performance factor curves, the materials with the highest
performance factors at each frequenay be traced as shown by the yellow dotted line in4=y.

andassummarized in Table 4.4.

Table4.4. Summary of materials with highest performance factor

Frequency Range (kHz) Material with Highest Performance Company
Factor
1007 300 ML27D Hitachi
4007 600 ML95s Hitachi
70071 1500 ML91s Hitachi
>1500 P63 ACME

It may be noted that the ferrite materials from Hitachi Metals perform significhatter

than those from other companies.

69



To generalize this studyo other applications with different core loss densititee
performance factors & T@wfa andd T&® fal  were also calculated and plotted
against frequencgyas shown in Figd.6.
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Fig. 4.6. Performance factavomparisorat different core loss densitigg)d ——FA T A
0 T T

It can be observed thaevenwithin a wide range of core loss densitidbe relative
performance factors of the materials are largely similais means thdor other applications with
different core loss densities, the results from this study can be used as a design guideline for

transfamer core material selection.
4.3 ResonantConverter Performance Evaluation

Once thebestperformingferrite materiad have been chosen, the converter loss is calculated
a different frequenciesrhe switching frequency is swept fra200 kHzi 1.6 MHz The lossof
the matrix transformer shown in Fig. 4s/calculated using the same method as useti8) s

summarizedelow.
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Since the transformefoltage is rectangular, th@m@lossexpression is modified as given in

[40]:

‘i Jo 0QhdheE Q (4.9)

0 0 & h (4.10)
where thelif* term is included to account for the rectangular transformer volbage,is the
core lossandw & is the core volume.

The transformer windin®C resistance is given by:

e 3 . 4.11
Y 3; S———h 10
Q & i Gt

whereQis the PCB layer thickness (copper weightjs the resistivity of coppeg, is the turns

ratio, Qis the winding widthandi is the core radius.
The AC resistanceoefficient™O is definedby the eddy currenmodeldescribedn [34] as

G 5 4.12
o b Gp,Oh (4.12)

where 0 sand Oaaare the real parts di andO, respectively; andd | QAT OB, O
¢ QAT KX ,| QF -1 ,— 0 ¢ é is number of layers in a winding porting is
angular frequencyQs winding copper thickness isthenumber of turns per layebis thetotal

winding area width and®is thewinding width foreach turnThe winding AC resistanazan then

be defined as:
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Y  OOY 8 (4.13)

From (4.12), it can be noted thaketAC resistance idependent o copper thicknes§and
switching frequency #¢“ . The optimal coppethicknesss where the winding AC resistance is

at itsminimum. Hence, the AC resistances eaiculated and plotted as a functioriCst different

frequencies, as shown in Fig74.
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[A25]
Fig. 4.7. Copper thickness optimization at different frequencies
FabricatingPCBs with greater than 30z Cu is very expensive, and given the diminishing
returns with higher copper weight3oz Cu is set as the maximum thicknéss. the primary
windings,for ' Q p0 "O@30z Cu is selected as the optimal thickness, an®forpd "O¢ 20z

Cu is selected as thaptimal thickness. For the secondary windings, 30z Cu is selected as the

optimal thickness at all frequencies.
Thewinding loss can then be simply calculated as:

0 'Y J0 R (4.14)

where’O is the transformer rms current.
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The total transformer logs the sum of the core and winding losses:
0 0 0 8 (4.15)

w

ol0
0 o

Fig. 4.8. Matrix transformer dimensions

»

v

From Fig.4.8, he transformer footprirdan be calculad as:

00 w 1 tw 8 (4.16)

Min. footprint
@ same loss

[A26]

Fig. 4.9. Transformer loss optimization
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Fig. 4.9 shows transformer loss contopictted at differentore radii and winding widthat
afrequency of IMHz. The dottedines are théransformed footprint contours.The kneepoint
in each loss contourshown by the red dotorrespond to a footprint contoyrwhich is the
minimum footprint required to realize that $oklence, aeachtransformefootprint, the minimum
transformer loss can kechievedsolely witha uniqud and®combination (red dot). This also
demonstrates the traofé between the core loss and the winding loss, where a higlesults in

a lower core loss, bt higherresults in a lower winding loss.

This process is repeated for different frequenciesthadninimum transformer logs can
then be traced out and plotted against the transformer foogmishown in Fig. 4.10.
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Fig. 4.10. Minimum transformer loss vs. transformer footprint

It can be intuitivelyobserved that the transformer loss reduces wagththetransformer
footprint grows However, there are diminishing returns upoareasing the footprintand the

footprint design point must be chosanthe knee point of the curve for opal performance.
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However, since this application is restricted by the qudariek form factor, the design region is

chosen around the 1200 rhfootprint regionwhich isalso around the knee points of the curves.

Theoptimali andcvalues at 120@nn? footprint atvarious switching frequencies are listed

in Table 4.5.
Table4.5. Optimal transformer dimensions
Frequency (kHz) CoreRadius,i (mm) Winding Width, ®(mm) B
200 4.9 3.4 1.45
600 3.75 4.6 0.8
1000 3.45 4.9 0.7
1400 2.9 5.4 0.55

The core radius to winding width ratio indicates the ratio of the core loss to winding loss in
the transformer. As the frequency increases, the winding loss increases and the core loss,decreas

hence resulting in a decrease in the r/c ratio.

Finally, the total converter loger the 1kW 400V/12V LLC convertat different switching
frequenciemeeds tde evaluatedrig. 4.11 shows thigansformer loss at a footprint of 1200 fim

with deviceloss andotal converter losplottedagainst the switching frequency of the converter.
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Fig. 4.11. Different converter losses as a function of resonant frequency

Thedifferent regions show the different feéermaterials used at different frequenclesust
be noted that the maximum magnetic flux dengity for the ML91s material was restricted to
80 mT based on its material requiremenftletransforme lossincreases with frequency with the
same materiahs the increase in winding loss is higher than the reduction in coréitmgsver,
the transformer losseduce atthe frequencies when the core material changssswitchingo a

better material resulia lower core loss.

In addition to theconverter loss, the converter power density must also be studied to
completelyanalyzethe impact switching frequency has on the convergerformanceSince the
transformer, and hence, converter footprane fixed at all frequencies, the power density is
dependent on the transforrdesore profile.The plate thickness is calculated such that there is
uniform magnetic field distribution throughout the transforrir@y. 4.12 shows thmagnetic flux

density in the c legs and plates.

@ (b)

Fig. 4.12. Magnetic flux density in the transformeda) top view, and (b) crossectional view.
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The magnetic flux densitiy the plates is half dhat in the core legs. Therefore, for uniform

magnetic field in the transformer,

%o wTC (4.17)
0 o} '

where%s the magnetic flux density in the core legés the crossection area of the core leg
ando is the effective crossection area of the plate. Solvii4.17) the required plate

thicknessQ s given by:

“ (4.18)

From Table 4.5, decreases andincreases with increasén frequency. This results in a
decrease in plate thickness with increasefrequency, resulting in higher power density with

increassin frequency

Fig. 4.13 shows the convertérdull-load efficiency versus power densitgt different

switching frequencies
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Fig. 4.13. Full-load efficiency versus power density at different frequencies
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The previous CPES o0 n v e petfoemarics ishown by the yellow dot. The curbehaves
as expected there is a tradeoff between converter efficie@and power density with chargje
switching frequencyWhen the frequency is redut&om 400kHz, there is a diminishing return
in efficiencyimprovementMoreover, when the frequenayreases from 80KHz, the efficiency
drops very quicklywing to the high conduction and winding losses at higher fretpseitence,
a sweet spot for converter design can be set betweekH08nd 80kHz. Based on the design
requiremerd, either the onverter efficiency or the power density can freritized, and the

corresponding switching frequency can be selectegtinize convertedesign

4.4 Hardware Verification of Proposed Performance Improvement

To demonstrate the increase in efficiencynpared to the previous CPES converter, a 1kW
400V/12V LLC converter running at 40kHz was designedFig. 4.14 shows the hardware

prototype of the LLC converter.

Transformer
core

wuwj¢e

Thickness = 8.1 mm

[A28]

Fig. 4.14. Hardware prototypef proposed converter

The converter dimensions are ®8n x 37mm x 8.1mm, resulting in a power density o#9
W/in. Thisis higher than the previous CPES conveetegn after operating at lower frequassc

due to the higher rated pow@&hermally, it 5 difficult to push more than 804 (with air cooling
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and no heat sinkggt 1 MHz operation due to the high device and transformer temperahaies
occur because difigh conduction losses. However adower frequency of 40@Hz, the devicé s
conduction losses are much loweich allows the rated power to be increased, whéag
thermallysound.

Table 4.6 shows the specifications of the proposed converter, compared with that of the

previous CPES converter.

Table4.6. Specifications of the proposed LLC converter

Component Previous CPES This Work
Rated Power 800 W 1 kw
Resonant Frequency 1 MHz 400 kHz
Dead Time 90ns 125 ns
TransformefTurnsRatio 16:1 16:1
PrimaryDevices PGA26E08 80 ng GaN
Secondarpevices BSCO500NSI BSZ0500NSI
Primary Driver Si8273 Si8273
Secondary Drivers FAN3122 FAN3122
Shielding Technique Asymmetrical Symmetrical
Output Filter Capacitance Per Le 6 x 10uF 6 X 10uF
Resonant Capacitor 71nF 287 nF
Resonant Inductance 312nH 478 nH
Magnetizing Inductance 25uH 80 uH
Transformer Footprint 1200 mnd 1200 mnd
Core Radius 3.5mm 4.5 mm
Winding Width 4.9 mm 3.9 mm
Power Density 900 W/ir? 940 W/ir?

The resonant frequency is reduced to 400 kidzoptimized in the previous sectidorhe
leakaganductance, which igsed as the resonant inductancd,/i8 nH. The resonant capacitance
is then accordinglyset such that the resonant frequency equals the switching frequdrey.
magnetizing inductancend the dead time are optimizaccording to the methodology in [15] to
result in80 pH and 125 nsrespectivelyThe primary device is replaced with a new GaN device

with lower turnoff energy. Due to lower windingidth, the SRs replaced witlaBSZ05@MNSI,
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as it has a smaller packatpatcan fit on the windingBased on the output filter capacitor selection
guideline proposed in Chapter 1, theuEGcapacitors are still the best choice for operation at 400
kHz, and hence are used this converterMoreover, based on the study in Chapter 2, the
symmetrical shielding technique is employed in this woek.

Fig, 4.15 shows the operating waveforms at lightl (10% and at fullload (1kW).
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Fig. 4.15. 400v/12V LLC converter operating waveform@) light load (10%, 100 W), and (b)
full load (100%, 1 kW).

It can be observed thaerovoltage switching4{VS) is achieved aboth lightload and full
load. Moreover, there is o ringing in the secondaryp¢ voltage due to minimum secondary

leakage.

80



The thermal performance of the LLC converter running at full load (1kW) for around 2
minutes until thermal steady state is shown in Fig. A/héconverter isir-cooled with 400 linear
feet per minute (LFM) from left to righThe maximum temperature d¢he converter iground
94°C at the primary devicewith the SRsind transformer core showing maximum temperatures

of 91°C and 53C respectively.

Fig. 4.16. Thermal performance of LLC converter.

Fig. 4.17 shows the measured efficiencies of the converter, comparethaitbf the previous
CPES converterMoreover, the dashed efficiencyrve shows the calculated efficiency, which
follows the actual measurementosely hence validating the accuracy of tlieequency

optimization model.
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[A29]
Fig.4.17. 400V/12V LLC converter efficiency
The caverter can achieve 95#ght-load efficiency (10% load), 98.15% peak efficienay (
around500W), and 97.5% tfull load (1 kW). Due to better devices and lowettching losses at
lower frequencies, the lighbad efficiency increases [&/4% despitean increase in the core loss.
The peakand fultload efficiencies also increase by 0.6% and Qr2%pectivelydue to the lower
device conduction and transformeinding lossesThis can be quantitatively observed from the

converter loss breakdown comparisorrig. 4.18.

[A30]

Fig. 4.18. Comparison of theanverter loss breakdovat full load
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