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Thatwhich you most need will be found where you least want to look.
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Abstract

Thisthesissets out a series obwtransformer topologief®r magnetic integration in different
resonant converters. Resonant converters like LLC converersre a high number of
magnetic components, leading to low power density and highldwste magnetic components
can usually be integrated into a singleahsformer to increase power densifficiency,
manufacturingsimplicity and to reduce coskhis strategy is known as integrated transformer
(IT). The work described in thithesishas sughtto deliver improvements in implementing
this strategy.

The banefits of resonant converters compared to pulsth-modulated (PWM) converters are
discussedTo show the drawbacks of PWM converters, two rawtched DGDC converters
and two softswitched DCDC converters using statd-the-art wide bandgap (WBG) daim

nitride devices are constructed and investigated

TheLLC resonant converter is fully discussed for unidirectional and bidirectional applications.
The different techniques for magnetic integration that can be applied to the LLC resonant
convererarereviewed. Amongstesetechniques, the insertesthunt integrated transformers

which have gained popularity recentgre made #ocusof the thesis.

In general, the importahallengesoncerninghe inserteegshunt integrated transformers are
the need fobespoke material for the shuatwantechigh leakage inductance on the secondary
side, andhat integrated magnetiese not usually suitabfer bidirectional convertersuch as

CLLLC converters

Two new topologiedlT1 and IT2)for insertedshunt integrated transformenepresentedhat

do not need bespoke material for the shunt and can be constructechdtenals available
commerciallyin large and small quantitieslowever, the manufactag of these proposed
topologies is challenging sinceagnetic shunts are made by joining several smaller magnetic

pieces to form a segmented piece.



A furthernew topology(IT3) is presentedhat not only does not need bespoke material for the
shunt but ako benefits from simple manufacturing. Howevarsertedshunt integrated
transformey including all three proposedtopologies(IT1-1T3), still suffer from increasd

leakage inductance on the secondary side, leading the control and design of the resonant

converters to difficulty

Another topology(IT4) is thereforeproposed that can be constructed easily with commercially
available materials and does not increase |tla&age inductance on the secondary side.
However, all foumproposedopologies(IT1-1T4) and other topologies with an insertsiaunt

are not suitabléor usein bidirectional LLGtyperesonantonverters when different primary

and secondary leakage indactesare neededsuch as where variable gain is required.

Finally, a topology(IT5) is proposed that can be used in bidirectional #t@e converters

while it still benefits from simple manufacturing and using commercially available materials.

All the proposed topologiefT1-IT5) are discussed in detail and their design guidelines and
modelling are provided. The theoretical analysis is confirmed by-#eheiment (FEM) analysis

and experimental results.

A unidirectional LLC resonant converter and ait@dtional CLLLC resonant converter are
implemented to investigate the performance of the proposed integrated trans{orinérs)

in practice. It is shown that the converters can operate properly while all their magnetic
components are integrated intetproposed transformers.
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magnetic flux density

output capacitance

resonant capacitor

primary resonant capacitance

secondary resonant capacitance

output capacitance of MOSFET

stray capacitance of the circuit

summation o6 and o6
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secondary current

resonant capacitor current

resonant inductor current
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Chapter 1

Introduction

This Chapter introduces the body of work which forms this thesis. It explains the motivation
for the presented research and introduces the issues surrounding intefgasitsfdrmers in a
practical context, describing the challenges facing modern power electronics designers.
Finally, it sets out the structure of the thesis and states the contribution made by each chapter.

1.1 Motivation

Power electronics bridges the gap betwéraditional analogue smalignal technologies, such
as amplifiers, and traditional power technologies, such as transfaanmebmower generatqrs

by enabling the voltageurrent transformation of all categories of electrical wavef@&m

Power electrongsystems can fireunethetechnology and enable it to perform at the top of

its ability. They are a vital part of every electronic device, from tialfage regulators inside
microprocessors to battery chargers, renewable energy sygtanwes regeneration capture in
braking sptemsand motor drives in electric vehicles. In the future, not onlhis highly

unlikely to change but also the attentioiil wncreaseas our lives are enriched with more and
more electronic devices and renewable energy demand grows. In other words, it is an exciting
period in power electronic technology, as each new electrical device poses new chéllenges

power electronisengineersand they requirawide range of specifications.

Power electronics is the workhorse that has underpinned most of our electrical and electronic
systemsOne ofthe interestindopicsfor power electronics experts is improving the existing
sysemsin terms of efficiency, power density, reliability, and cdstis field require an ever
improving arsenal of circuit designs, control technicaiedfilters as well as developing new

physical arrangemesbf componentgespecially magnetic device®) improve the overall
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Fig. 1.1 Power electronics insideSAMSUNG mobile phone charggt].

efficiency, power density and cost of the power electronics syslénssthesis aims to further

the stateof-the-art in this field.

1.2 Design constraints for power electronics

Power electronics devicesive different constraints depending on thpplations. In mobile

phone charger for example, the electric design is limited by the smalume inside the
chargercube power , mobil e phone batteryodsincharac
Fig. 1.1, a mobile phone chargsoldby SAMSUNG is shown. As showtheavailable space

inside the charger cubedtearly limited whilethe chargeneedgo rectify the grid voltage to

a DC voltage and then drop the voltage to 5 V. In addition, the chargtregulatehe output

voltageat 5 V while the grid voltagas not stable andlespite thebattery charginglemand
beingnon-linear.Furthermorefor mobile phons, tables and laptop chargers in particular, the

mass of power electronics (weight and size) is an issue because people are always carrying
them. Therefore, there is an increasingly strong impetus to produce smaller angbgleer

eledronics

Reductions in size and weightaive beeran interesting topithrough all branches of power
electronicsin Fig. 12, for example, the size change of computer power ggfpbm 1990 to

2000 ispresentedAs shown inFig. 12, since there has been a demand for smaller computers,
the newercomputerpower supply haia power density almost double of its predecessor.
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circa 1990(1.8 kg circa 2000(0.9 kg

Fig. 12 Size comparison of twaomputer power supplies with identical electric
characteristics (power, input, and output voltages) from different pgjod

Additionally, as a rule of thumla smaller device needs less materaid thereforeeduction

of size eventually results in reduction of cost as well.

There are several ways to reduce the size of a power electronics corwertkangingthe
topology of the converter for fewer componefd$, switching the converter at higher
frequencie$5] and magetic integratiof6]. Changing the topology is not always possible and
higher switching frequency has its own limitation due to switching lossethanthbility of
semicanductor device However, magnetic integration (when it is possible) can increase the
power density of the converter noticeably and reduce thehdaghetic integration is therefore

a vital area of research and one to which this thesis intends to offatrdoution.

In the world of power electronics converters, capacities range from a few watts to several
gigawatts, catering to diverse applications and technological advancements. This thesis focuses
on investigating power levels below 50W, targeting tgskcomputer applications for

enhanced efficiency.

Chapterl 3
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Additionally, the research explores size reduction in bidirectional converters for electric
vehicles, operating at a few kilowatts. Due to safety and hardware limitations, experimentation
is conducted in daboratory setp at a few hundred watts. However, the findings could be

poised to impact reatorld applications up to a few kilowatts.

1.3 Novelty and Contribution

This thesisaimsto develop technologies that incregeaver density andecreas the cost of
power electronicsDC-DC converterswithout decreasing their efficiencyPulsewidth-
modulated PWM) DC-DC converters are investigated for higlvitching frequencies, and it
is shown thatachieving high power density alongside high efficiemeylifficult in these
convertersOn the other handesonant converters have good efficiency becatifeeir soft
switching capability, and they can alsbenefit fromhigh power densitghrough magnetic
integration. Therefore, he main focus of this thesis isaddressing the issues of integrated
transformers used in resonant converfEng novelty presented in this thesis coees broad

area, which are discussed in the following subsections.

1.3.1 Evaluation of Si MOSFETs and GaN HEMTSs in soft-switched and

hard-switchedDC-DC boost converters
The PWM converterssuch asuck and bost, suffer from high switching losses and cannot
provide high efficiency at higswitching frequeries Hence, in these converters, high power
density cannot be obtained since the switching frequency is limieen though soft
switching capability can be achieved by adding an auxiliary circuit to the conventional
topology of the PWI converters, the auxiliary circuit adds complexity and ¢6s8]. Using
wide bandgap (WBG) devices, such as galliitride (GaN), resu#tin lower switching losses
thanusingsilicon (Si),andcan be used while retaining the simple structure of a$aitthed
topology. However, the high cost of these devices is problematic for what are frequently cost

sensitive appliations Additionally, capacitodischargeswitching lossesemain.

To quantify the cost and efficiency, thieesiscompares sofswitching techniques and WBG
based switchefor a DC-DC boost convertern the application range of hundred waftse
performance of four prototypes including the sesWitched and hardwitched DGDC
converters with both stata-the-art Si and GaN switches are evaluated in terms of cost, power

4 Chapterl
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density, efficiency, and reliability using theoretical analysis, simulation andrieqrgal
results. It is shown that the Gddised hardgwitched converter provides higher efficiency and
power density but is more expensive than itb&ed counterpasindyet isstill cheaper than
softswitched converterd herefore, adding an auxiliagircuit to obtain soft switching leads

to amore expensive and complicated circuit and does not always guarantee a higher efficiency.

1.3.2 Fully-integrated planar transformer with a segmental shunt for LLC

resonant converters

As mentionedn subsection 1.3,1PWM convertes suffer from high switching losses and
cannot provide high efficiency at high switching frequesadn addition,it is shown in Chapter

4 thatadding softswitching capaitity to PWM converters is usually witthepenalty ofamore
complicated circuit and more expensive convered it does not always guarantee a higher
efficiency. On the other hand, resonant converters providessaftthing capability inherently

and tley can achieve high efficiency at high switching freques¢9, 10]. Therefore,the
remaining chapters dhis thesis focus on resonant converters since they are more likely to

achieve both high efficiency and power density.

To decrease the volume and cost, and increase the efficiency of resonant converters, such as
LLC topology, the magnetic elemersisouldbeintegrated into a magnetic transforpigrown

as integrated transform@f) [11]. Amongst different techniques for magnetic integratiba, t
insertedshunt integrated planar transformer (presented latdtign 3.12, page67) is an
attractive technique for integrating magnetic components of the LLC topology in a single

transformer.

This thesis presents two topologiefermed IT1 and I1T2) which provide high lealge
inductance in shurhserted integrated magneptanartransformersdesigned formagnetic
integration inLLC topology. These differ from conventional designs by replacing the low
permeability magnetic shunt of a planar transformer with -ptmeabiliy magnetic shunt
segments, separated by many small air gaps. This approach results in a shunt with the same
bulk permeability as the conventional design, while using lower cost and readily available
magnetic materials such as ferrite. A modelling and degjgproach which can estimate the
leakage and magnetising inductances precisely is provided for each topology. Theoretical

analysis is presented and verified using fig@lement analysis and experimental

Chapterl 5
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implementation. AC resistance analysis for botingfarmer topologies is also presented. In
addition, an LLC resonant converter is built to verify the performance of the proposed fully
integrated magnetic transformers in practice. It is shown that the proposed topologies can
integrate all three magnetiomponents of an isolated LLC resonant converter in a single

pl anar transformer, which reduces the conver

1.3.3 Fully-integrated solid shunt planar transformer for LLC resonant

converters
Although the structure@T1 and IT2)proposed irsubsection 1.3.2CGhapter % eliminate the
need for shunts with specific permeabilities and dimensions, the inserted shunt has multiple
segments and has to be placed between taor&s which makes the implementation difficult.
Therefore, to address this issa@ewshunttopology(termediT3) for achieving high leakage
inductance in inserteshunt integrated magnetic planar transformers is proposed.

In the proposed topology, two osegment shunts are placed across the placard-air gap

and between the primary and secondanydivigs. The proposed topology benefiiten using

solid inexpensive ferrite shunts, making manufacturing easier. A detailed mathematical model
is derived from which a design methodology is developed, providing accurate estimation for
the leakage and magrshg inductances. The theoretical analysis has been verified using

finite-element analysis and experimental implementation.

1.3.4 Inserted-shunt integrated planar transformer with low secondary

leakage inductance for LLC resonant onverters
The leakage inductance of arsertedshuntintegrated transformer is usually utilised as the
series inductor of an LLC topology. However, leakage inductance exists othbgittimary
and secondary sides oh ansertedshunt integrated transformer and secondary leakage

inductance leads the control and design of the converter to diff{d@y

In this thesis a novel topology(termedIT4) for insertedshunt integrated transformers is
proposed which has low secondary leakage inductance. The inserted shunt of the proposed
topology is not segmental and can be located conveniently within the transformer. In addition,

the inserted shunt doestmequire low permeability core material, simplifying its manufacture.
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The design and modelling of the proposed transformer topology are presented and verified by

finite-element analysis and experimental implementation.

1.3.5 Fully-integrated transformer with asymmetric primary and

secondary leakage inductances for a bidirectional resonant converter
Typically, inserteeshunt integrated transformers have symmetric primary and secondary
leakageinductance$13]. However, bidirectional resonant converters typicatiyld operate

more efficiently with different primary and secondary series inductances.

In thisthesis anew shunttopology(termedIT5) for aninsertedshunt integrated transformer
which can providetuneable asymmetric leakage (series) inductances on the primary and
secondary sides is presented. Two magnetic shunts, with appropriate air gaps, are inserted
between two Ecores and the primary and secondary windings are separated by being placed at
opposite sids of the shunts. The proposed transformer is analysed in detail and modelling and
design guidelines are provided. It is shown that the magnetising inductance and the primary
and secondary leakage inductances are decoupled from each other, and theletamiosed
separately. The desidras the advantage of using planacdfes and magnetic sheets that are
readily availablein the market The theoretical analysis is verified by simulation and
experimental results. In addition, to demonstrate the perfarenahthe proposed integrated
transformer in practice, an exemplar bidirectional CLLLC resonant converter is designed,

constructed and tested using the new integrated transformer.

1.4 Thesis structure

Thethesis structure is presentdidgrammaticallyn Fig. 1.3. The thesis ha8 chapters, and it

has a predominantly linear structure, with each chapter expanding and improving on the
previous A brief description of each chapter is provided below and the publications

corresponding to each chapseepresented in section 1.5 (déig. 14).

Chapter 1 introducescurrent topics in modern power electronics engineering taed

motivation for this thesig/hich is increasing the power density of power electronics converters
without negativelyaffecting their cost and efficiencin addition, the breakdown of the thesis

Chapterl 7
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Fig. 1.3 Thesis structure

structure is presented in tH@hapter.Finally, the links between the papers generated by this

thesis and its chapteasediscussed.

Chapter?2 discusseslifferent types of DEDC converters and explaimghy switchedmode
power supplies are preferred caang@d to linear power supplieBWM convertersand their
limitation for achieving high power densi@&ye discussedn addition, ChapteP investigates
the LLC converterfor achieving high power densignd presentthetheoretical analysis and
design guidelines dhis converter The benefits of magnetic integration tbe LLCtopology

are also presented.

Chapter3 discusseseducing switching losses of BBC PWM converters. It discusses the
advantages and disadvantages of-saftching techiques and new semiconductor devices
Thisintroduces the first research focus of this thdéaisher investigating the PWM converters
which either use sofwitching techniques or new WBG semiconductor devices or both or

8 Chapterl
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neither of themto find the most beneficial method fémiting the switching lossesThis

guestion will be investigated in @Gpter4.

The chapter also highlights the benefits of resonant converters, particularly the LLC topology,
for achieving high efficiency and power density. To achieve both, integrated magnetic
components are essential, and the insesheoht integrated trafemer's topology is selected

for further investigation. Several issues with this transformer type are discussed, leading to four
additional research focuses@hapters 8 to address these challenges

Chapter4 evaluateshe performance of four prototyp@ncluding the sofswitched and hard

switched DGDC converters with both statd-the-art Si and GaN switches in terms of cost,
power densityandefficiencyusing theoretical analysis, simulation and experimental results

Chapter Spresents twmewtransformer topologiegermedT1 and IT2)which provide high
leakage inductance in shuinserted integrated magnetic transformei$ie proposed
topologies are modelled and investigated in detail. Simulation and experimental results are

presented to vdy the theoretical analysis.

Chapter 6discusseshe issue of the topologies presentedCmapter 5(IT1 and 1T2)and

proposs a new topology(termedIT3) which addresss their issue.Again, the proposed
topology is modelled and investigated in detail and verifiedaksimulation study and

experimental investigation.

Chapter 7mentions an important issue of insersdtlint integrated transformers whiish

increasing the leakage inductameethesecondary sidel'o address this issue, a new topology
(termedIT4) for insertedshunt integrated transformeiss presente@nd investigatedh this
Chapter

Chapter 8introduces an inserteshunt integrated transformerhich can be suitable for

bidirectional LLGtype resonant converter The proposed topology is modelled and

investigated in detail and verified laysimulation study and experimental investigation.
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Finally, in Chapter 9 a brief conclusion of theork and its achievements are presentad

addition, t suggests further work which could be undertaken following from the work

presented in this thesis, and whi cnmgnetc | |

integration for resonant converters.

1.5 Publication interconnections

Severalpars of this thesis have been published in internationally recognised journals and
conference proceedings. The letletween the papers generated by this thesigscddapters

are presented iRig. 14. In addition, the link betweettifferentpaperss indicatedtoo.

In summary, five journal papef$4-18] and six conferencproceedingg19-24] have been
generated directly from this thesis. In addition, | have &adllaboration with aviasted s
studenfor his main projecand the redts ofthis collaboratiopwhich is in line with the content

of Chapter2, have been published in a journal pap2s].
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Chapter 2

DC-DC Power Electronics Converters

This Chapter introduce$WM DGDC converters and discuss their advantages and
disadvantages. It explains the switching lossesaofitional hardswitched PWMonverters

and softswitching techniques that can be applied to reduce switching lostesseDC-DC
converters.

Resonantonverters arehenintroduceal, andit is discussethatresonant convertersuch as

LLC topology,couldbe a better option compared to the PWM converters for achieving both
high efficiency and power densifjhe LLC topology ipresentedand analysed in detail. In
addition, design gidelines ofan LLC-type resonant converter are provideeinally, the

benefits of magnetic integratidar the LLC resonant convertare discussed

2.2 Introduction to switchedmode power supplies

A power supply is an electrical device tpadvideselectrial power to arelectronicload such
as laptop computer, server, or other electronic devices. The mesign specificationf a
power supply is t@rovidethe correct voltage, current and freqag to power the loadlhe
energy conversiocould be AC to DC, DC to DC, DC to AGr AC to AC. Consequently,

power supplies are sometimes regarded as elalgbogver converters.

Applications of powesuppliescover highpower conversion equipment suckRC power
transmission to everyday appliancégmobile phone chargers, electric vehicles and computer

power supplies.

Every power supply has a power input connection, whictainsenergy from a energy
source, anasingle or multiple power output noections that transmit current to the electrical
load.Theenergysource could be from th&C electric power grid, such as an electrical outlet

or could be fromDC energy storage devicesuch as batteries

11
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AC 1 ] DC
Voltage e e e —l— e e Voltage

Input Transformer Rectification Filter Regulator Output

Fig. 2.1 Block diagram example @ftypical AC-to-DC linear power supply.

The powersupplies are often categorised in two differgytes linear and switchednode
power supplie$26].

2.2.1 Linear power supplies

Linear power supplies have been around for over 100 years, long before the advent of
semiconductorsA linear power spply does not contain any switching or digital components
andoperates dbw frequencyor DC. In Fig. 2.1, the block dagramexampleof a typicalAC-

to-DC linear power supply is presentetihis power supplyincludesfour blocks In thefirst

block, the transformechangeshe voltage level wardsthe requiredroltagelevel. There is
thenarectifier toconvertthe new AC voltage toa DC voltage.A capacitor smooththe DC
voltageand supresses ripple by holding energy when the transformer output voltage drops
Finally, thereis a linear regulator that helps ensure that the DC output voltage is steady

regardless of any variation in the input voltage, which enables the load tteqpeaerly.

A linear power supply has some outstanding characteristics such as very low noise and ripple,
immunity from mainsborne noise, simplicity, robustness, ease of design and repair. They can
also generate very high voltages (thousands of vaitsyary low voltages (less than 1vpm

mains supplies with an appropriate transformer selection.

Along with the many advantages of linear power supplies, there are some disadvantages. Linear
regulators are ideal for loywower applicationsdisadvantageappear when higher power is
required. In a higipower application, linear power supgdrequire a large transformer and

other large components to handle the power as the frequency of operationtypioaiy 50-

60 Hz). Using larger components increatbesoverall size and weight of the power supply. It

also makes the power supply bulky and less portdbteear power supplies use power
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Fig. 22 Block diagram example a@ftypical AC-to-DC switchedmodepower supply

dissipation to achieve voltage regulation. Therefbigh heat loss occawhile regulating a

high power demand by the loadakingthe process inefficient.

2.2.2 Switchedmode power supplies

Switchedmode powesupplies addressany of the issues associated with linear power supply
design, such as transformer size #émelneed for lossy lineawoltage regulation. A switched
mode power supply is designed using a different techraqueesented iRig. 22. The low
frequency transformer is eliminated aheé input voltage is rectified and filterddectly. The
voltage is then passed through a chopaerelectronic switche(g. aMOSFET) that regulates
thevoltageand produces a higinequency pulse train. Aagnetic transformeranbe used for
reduction/increase of the voltage level dagrovide electric isolation. Before reaching the

output, the voltage is filtered ancctdied once morg27].

Thetransformation into a high frequency pulse train helps reduce the sizeacimponents,
leading tareducedsolume.In addition, & inefficientlinearregulator circuits not needed since
the final output is used to sefekdbackio the choppeblock, which makes a feedback loop

that regulates output voltages regardless of any variation in the input voltage and load.

2.2.3 DC-DC converters
There aremany applications in which the input supply is DC and thereftire input

rectification and smoothinfiiter blocks (presented iRig. 22) arenot needednymore DC-
DC convertersare widely used to transform and distribute DC power in systems and
instruments.A DC-DC converter is a subset of power supplies that specializes in regulating

and converting DC voltages to different levels as required by the specific appliéa@on
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Fig. 23 A basic DGDC switching converter (DC chopper). (a) Schematic. (b) Switct
waveforms.

power is usually available to a system in the form of a system power supply or battery. This
power may be in thiorm of 5V, 28V, 48V or other DC voltages

2.2.3.1 DC-DC PWM converters
One way to contralhe average power to a load is to contifod averagepulsetrain voltage.
This can be done by opening and closingkectronicswitch in rapid fashion. This method of
control is referred to as pulse width modulation (PWM).

In PWM, the overall switching period is kept constant while the on time ef¢a&ronicswitch

is varied.In a PWM converter, the transistor operates as lactrenic switch by being
completely on(closed)or completely off(open) For example, ira basic switchingircuit
presented irrig. 2.3(a), which is known as a DC chopper, the output is the same as the input

when the switch is closed, and the output is zero when the swipen.

If we assumall the elements of this DC chopeeideal, periodic switching resulis having
a pulse in te output as shown rig. 2.3(b). The average of the output voltage may be obtained
by (2-1).

L OAD — WA w0 (2-1)

do
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As shown irFig. 2.3, the output DC voltage can be set by adjusting the fraction of the switching
period,”Y, in which the switch is closed. Ehfraction can be named as duty rat® which
may bedefined as (2).

0 'Q (2-2)

where"Qis the switching frequency is the periodn which theswitch isclosedandd s

the periodn which theswitch isopen

The converter presentedhing. 2.3 canreduce the voltage levbly chopping the input voltage
while often the requirement is to produce a purely DC voltagd the converter may need to
boost the voltage levdbr some applicationdn addition, in this topology, switching losses
may be high when the load is not purely resis{a® it is notfor mostof the applications)
Therefore, manynore complicatedWM converters have been proposed to address these
issuessuch aduck, boost, buckoos; S E P | f6rward anddlyback converter&mongst
these converters, only the stépwn (buck) and the steyp (boost) a@ the basic converter
topologies and arkriefly discussed in this thesis atite readecan be referretb [26, 27]to

study othetopologies

The luck converter, which is presentedrig. 24(a), reduces the voltage of a power supply.
The buck converteris a power electronics circuit that steps down the DC voltage to a level
determined by the choice of components inryaircuit. As shownin Fig. 24(a), along with

the power electronics sokstate device which acts as a switch for the circuit, there is another
switch in the circuit which is a freewheeling diodéwe diode provides a path for the inductor
current when the switch is open and is rewdiissed when the switch is closethe
combination of these two switches forms a connection with aplass LC filterin order to

reduce current or voltage ripples.

The whole operation of tHeuckcircuit takes place in two modgsresented ifrig. 24(b). In
the first mode the power MOSFETmain switch) is closed(turned on)andthe diode is off
(reversebiased) Therefore the currentflows throughthe inductor and the outpatipacitor

andthe inductor stastchargingby the input sourcdn the second mode, @rswitch is turned
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Fig. 24 Buck converter(a) Schematic. (b) Switching waveforms.

off (open) andhediode turns on. Therefortheinductorstartsdischarging to the loaand the
output capacitothroughthediode.

The averagevoltage acrosdhe inductor is zero for periodic operationssaming ideal

componentscontinuouscurrent in the inductoand apurely resistive load Therefore, from
Fig. 24,
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® o OOY @ p OV m (2-3)

Solving the preceding equation f@rgives

w wO (2-4)

Therefore, the buck converter produe@gsoutput voltage which is less than or equal to the

input voltage and its output voltage can be controlled by adjusting theadiayO.

A buck converter and other BBC PWM convertersnay operate in three conduction modes

which are presented as follows:

A Continuous conduction mode (CCM): the inductor alwaysavasnzero current. In
other words, the inductor current from the beginninthéoend of a switching cycle is
non-zero.

A Boundary conduction mode (BCM): the inductor current switches on (increases) as
soon as the inductor current drops to zero. In other words, in each switching cycle, the
inductor current increases from zero atltlegnning of the switchingperiodand drops
to zeroagainat the end of the switchinmmeriod A specific duty cycle is needed in this
method for each load.

A Discontinuous conduction mode (DCM): the inductor current drops to zero and remains
zero until thestart of thenext switching period. In other words, in each switching cycle,
the inductor current increases from zero at thenmagy of the switchingperiodand
drops to zero before the end of the switchpegod This can happen if the duty cycle

is too short or the load is too small.

2.2.3.2 Soft-switched DGDC PWM converters
In the topology oPWM convertes, the controllable swit@sare required to turn on and turn
off the entire load current during each switchi8gitching devices absodnergywhen they
turn on or off if they go through a transition when both voltage and current are nonzero,
presented irFig. 25(a). In this type of switching, which is known ashard switching the
switches are subjected to high switching stress and high switching power loss that increases

linearly with the switching frequency of the PWM. Another significant drawbathi® type
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Current Voltage Voltage Current
Turn-ontransient Turn-off transient
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Turn-ontransient Turn-off transient
(b)

Fig. 25 Different switching conditionga)Hard switching (b) Soft switching.

of switchingis the EMI produced due to large/dt and d/dt cawsed byhard switching

condition

High switching frequencies are desirable because of the reduced 8itax obmponents and
transformers, which eventually reduces the size and weight of the conaedarcfeases the

power density)However, increasdo switching frequency are limited due to switching device
availability (and cost), and also because high frequency operation increases switching losses
considerablybecause a set amount of energy is lost per kyElerefore, resonant switching
circuits have been introduced poovidethe PWM convertersiith soft switching capability.
Undersoft switching condition, switching takes place when voltage or cusféhe switchis

zero to avoid simultaneous transition of voltage and current which elimisateehing losses,
presented ifrig. 25(b).
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Fig. 26 Softswitchedbuck converter(a) Schematic. (b) Switching waveforms.

The DC-DC PWM convertergbuck boost etc) can bereconfiguredby adding different
auxiliary circuitsto adopt them for soft switching capabili®8]. For example, oe of the
method for taking advantages afscillationcaused by LC circuito redue switching losses
is shown inFig. 2.6. As shown, tfs topologyis very similar tdbuckconverter, but there is an

extra capacitory , an extra inductof) , and an extra diode) .
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Fig. 2.7 Differentmodes of eft-switchedouck converter(a)Mode 1 (b) Mode 2.(c) Mode
3. (d) Mode 4.

Assumingthatthe output inductor current is rippfeee and equal to the load currefd, the
converter operates in four modéche converter important wavefornis each modeare
presented iffrig. 2.6(b). Before first mode beginthe switch is operthe diodeO is forward

biased to carry the output inductor current and the resonant capacitor valtagezero At

the beginning othe first modethe switchis turnedon, O is still forward-biased to carryO
and the resonant inductor voltage,, is equal to the input voltagey (Fig. 2.7(a)). The
resonant inductor curren, increases linearly and the dio@e remairs on until’Q reaches
‘0. When"Q reaches0, the diodéO becomes reverdeiasedand the second mode stafg.

2.7(b)). If 'Ois constant, the load appears as a current sodioerefore,the LC circuit
oscillatesandthe switch currentQ, drops to zeran the third modd€Fig. 2.7(c)), 'Q is zero

and the switch can be turned off at zero current condition, resalimgstno switching loss.

In this mode, the positive resonant capacitor voltage>Q) keeps the diod® reversebiased
and load current flows through resonant capaci€o={0O). Therefore the capacitor voltage
decreases linearly in the third mod®henu drops to zero, the fourth modsarts(Fig.

2.7(d)), and the diod® becomes forwardhiased to carrtheinductor current®). The circuit

is then back to the starting point.

In recent yearsseveralother softswitching techniques have been introduced to augment
traditionally hardswitched DGDC converters thereby limiting switching los4@8-34], by

commutating the devices during their zetorent or zerevoltage transitions
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2.3 Introduction to LLC resonant converters

With the increased power cdpkty, improved control and reduced cost of modern power
semiconductor devices, designers of electronic equipment, computers and electronic
instrumentation are increasingly demanding higher endeggity and efficient power sources

to supply their equipent.

To date, most commercial switethmode power supplies on the market operate in the range

of ters to hundred of kilohertz[35], and are found in many commercial products and white
goodsviz computers, television receivers, battery chargers and renewable energy sgtstems

For domestic applications, switching frequencies in exce26 kifiz are usually employed to
reduce the impact of acoustic noise emissions. However, the trend towards miniaturisation of
electronic systems, particularly for communication and entertainpeducts, and the
emergence of enhanced power switch technologies based on WBG semiconductors, is leading

to the use of switching frequencies in the range of N&61.

Although the use of higher switching frequencies allows smaller reactive components to be
employed in designs, tarn leading to systems with lower volume envelope and reduced cost,
the resulting supplies are often more susceptible to the effects oitipatapacitance and
leakage inductancsuch ashigher peak current stress and higher switching losses. In
conventional PWM converters, such effects manifest as-frégjuency ringing and large
current spikes which are generated by the rapid charging atidcharging of device
capacitances, and unwanted electromagnetic interference (EMIxddition, in PWM
convertershigh switching frequencies cause high switching laséesauxiliary circuitcan
usuallybe addedo the conventional topology of the PWMrw/erters to achieve soft switching
capability for them. However, this auxiliary circuikéads toa more complex and expensive
circuit, and it cannot always guarantee higher efficienmly the converter fordifferent
applicationg5-7].
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0% %o

Fig. 29 Topology of a parallelasonant converter.

The switching devices of resonant converters, as opposed tewiactiedPWM converters

can be configured to operate in eittmgrocurrent' (ZCS) otzerovoltage' (ZVS) switching
modeg[37], thereby gredy reducing electrical stresses on devices and manmswitching
lossesFurthermore, the sin@ave characteristics of resonant tank voltages and currents reduce
the generation of high frequency harmor(sseFig. 28 andFig. 29 for series and parallel
resonant converters, respectivel®nother advantage is the reduction of EMI normally
associated with applying higtandwidth switching transients to internal capmwes of
devices. Converters designed to exhibit ZVS, for instance, do not generate this type of EMI
[38]. Generally, theesonant tank is switched above tiesonance frequendghis will be
defined laterby (2-17)), thereby imparting ZVS toninimise turn-on losss. Therefore, for
higher power applications where efficiency and EMI are critical considerations, resonant
converters may be a better optidrvariable frequency control igpically used to regulate the
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Transformer OgT TOZ

Fig. 210 Topology of thehalf-bridgeLLC resonant converter.

output voltage in a resonant convertdowever, a disadvantagd this method is that the

transfer characteristic is néimear and generally changes with load.

Many variants of resonant conveghave emergednd amongst therthe simplest topologies

are seriesresonant or parallegkesonant tank networH89-42]. The topologies of series and
parallel resonant converters are showrFig. 28 and Fig. 29, respectively.Owing to0
shunting the loadhe parallel resonant converter is able to control the output voltage at no
load but the current into the resonant circuit stays relativelytaotfier different loadsleading

to low efficiency at light loads. In the series resonant convyen@ontrast withthe parallel
resonant converter, the resonant current changes with load. However -ftddyhonditiors,
because¢heimpedancef theload isfar higher tharthe impedance of the resonairtcuit (LC
tank), all the input voltage ismposed on the loadnd his makes it difficult to regulate the

outputvoltageat light load [37].

Higherorder resonant converters are constructed fresonanttank networks typically
employing three or four reactive components, contained in two resonant branches (a series
branch and a parallel brem). By appropriate selection of component values, it is possible to
obtain converters with the combined advantages of both the-saneparalletank variants.

For example, to overcome the limitation of series resonant convetier|. C resonant
conwerter has been proposelhe LLC resonant converter is a modified LC series resonant
converter implemented by placireg shunt inductod across the primary windingf the

transformeras shown irFig. 2.10[43].
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An LLC resonant converter has many advantages compared to a series LC resonant converter.
It can control the output voltage ovewider input voltage and load variations wihsmalér

variation of switching frequency while it still benefits from ZVS ovee entire operating
range.In addition,the LLC converteris also able to usefully ‘absorb’ circuit parasitic elements
such as leakagand magnetisingnductance of the transformeras designed components

which isan important feature for switching freencies in the MHz range.

2.3.1 Analysis of LLC resonant converter

The topology otheLLC resonant converter is shownkig. 2.10. As shownan LLC converter

includes fourstages the power switches, resonant tafikcluding resonant capacitad, ,

resonant inductof) , and shunt inductoy ), transformer, and die rectifier Even though

the LLC topology has many advantages, it uses three magnetic components which makes the
converter large and expensive. Therefore, to decrease the volume and cost, and increase the
efficiency of the LLC resonant converter, all thm@agnetic elements anéenintegrated into

a single magnetidevice & nintdgrated transformer or fAi nt e g)rampresetitedma g n e |
in Fig. 211(a) [44]. The magnetising inductande , of a transformer can beealisedby
introducing anair gap to decrease thdransformed swormally very high magnetising
inductanceso that it can be used as the shunt inductance In addition, there are many
techniques for increasing aadjustingthe leakage inductangé@ , so that it can be used as

theresonan(serie$ inductance.

The operation of the LLC resonant converter is discussddw, but to see a detailed

discussion, itanbereferredto [45, 46]

Themainwaveformsof the LLC resonant convertathen the operatg frequency isthesame
as theresonance frequenggieterminecby 6 andd (or 0 in an integrated transformegre
shown inFig. 2.11(b). In general, the LLC resonant topology consists of three stages, which

are presentedelow.

A First, the power switches convert the input DC voltage, into a highfrequency
square wavépulse voltage)y  , by driving switchesYand"Y alternately with 50%

duty cycle for each switch. A small dead tii¥¢, is usually introducetb avoid short
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Fig. 211 LLC resonant convertavith magnetic integratiar(a) Schematic(b) Waveforms

circuit between consecutive transitions. The square wave generator stage can be built
as a fultbridge or haHlbridge typege.g.,Fig. 211(a)).

A The square wavéy ) then enters the resonant tank, which eliminatestjuare
waveds haadoumyputsaisiousoidal currerdt theswitching frequency, named
the resonant currentQ The resonantcurrentlags thepulse voltage applied to the

resonant networkd  , and the switch™Y or “Y) turns on while the voltage across it
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is zerosincethe resonant current flowthrough antiparallel diode of the switch.
Therefore, the switch is turned anderzerovoltage swiching (ZVS) conditiors.

A The sine waveurrentis transferredo the secondargide of the converter through a
high-frequency transformer, which scales the voltage up or down, according to the
application. Lastly, the diode rectifier converts the sine wave iptoely DC voltage
The rectifier network can be implemented as a-\itdlve bridge or centretapped
configuration witha capacitive output filter.

The LLC converter is usually operated in the vicinityegonance frequencyhis means that

the mainharmonicof circulating current in the resonant network is at or close to the series
resonance frequendgwill be defined later by (7)); other harmonics are heavily attenuated

It is possible to ignore other harmoniess peci al |l y when the siguare \
close to the seriegesonance frequencyAnalysis making this assumption is called the
fundamentalharmonic approximation (FHA) method, widely used for rescoantverter

analysis, and is used émalysehe LLC resonant converter

In the FHA method, the dead tini®,, and parasitic components are neglected. Therdfare,
input pulse voltage)  , for a haltbridge LLC resonant converteFig. 2.11(a)) can be

expressed as {2).

® OBTo m
T OBTo m (2-9)

The fundamental component of the input pulse voltage, , may be obtained as-@ [46].

W o
b 2 OET o (2-6)
As a consequence of the abowentioned assumptions, the resonant tank curi@nts
sinusoidal, with a certaiRMS valueOand a phase shif with respect to the fundamental

component of the inpydulsevoltage b, and carbe expressed as-@3.

26 Chapter2



DC-DC Power Electronics Converters Sajad Ansari

-
& @  Uvaps C=— R||®
R A OA A0

Fig. 212 Derivation of Equivalent Load Resistance

Q UGAOEN o B (2-7)

The resonanturrent lags or leads the voltage, depending on whether inductive reactance or
capacitive reactance dominates the behaviour of the resonant tank in the frequency region of

interest.

Thereis arectifier stageind an output capacitive filten the secondary siaé thetransformer.
Therefore, the equivalent load resistance is different filoeractual load resistance. This
equivalent resistance of the load transfetoetheprimary side otherectifier can le derived
from Fig. 2.12. As shownthesecondargideof the transformeis represented by a sinusoidal
current sourcéQ , and the voltage on the primary sidefoérectifier,0 s square wawe
The output currentQ, is the average of the current souatter rectificationsQ s Therefore,
‘Q may be obtained frori® by (2-8) [46].

TR

0 Tc’) Ell o w (2-8)

wherew is a phase shift with respect to the fundamental component of the input voltage,

The voltage on the primary side of rectifigr, , can be expressiasfollows:
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) ogTo w ™

0 o OBlo w (29)
The fundamental componentiof ~ may be obtainetly (2-10) [46].
o PoEie u (2-10)
In FHA, it is assumed thavertones ob  do not play a rolén power transfer. Therefore,
the AC equivalent load resistanogay be calculated as follows:
Y 0,,9- E% EY (2-11)

The transformer turns ratio can be defined as0 70 and thereforehte equivalenAC load

resistanceeferredto the primary side of the transformer can be obtained-ip)2

Y © (2-12)

From the above AC analysis technique, the equivalent AC circuit of the LLC converter may be

obtained afig. 213. InFig. 213, 0 isO  referredto the primary side which may
be obtained by (23).

o 20 (2-13)

From Fig. 213, the characteristics of the LLC resonant converter can be detiveut

impedance of the AC circuié) , may be obtained as-(24).

. 5 n p 5 n N _
0 Qv 5 Qu Y (2-14)
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Fig. 213 AC equivalentcircuit for LLC resonantonverter

The wltage gain of the AC circuitj , may be obtained as-(5).

o .
i e (2-15)
¥) ()
The gain of AC circuit may balso derived from the circuit analysis as:
Q0 Y
0 - oL % = 5 (2-16)
Qu Y Qv Ko}
The following parameterare defined
Seriesresonance frequency
n P
Q — (2-17)
¢ 0O
Characteristic impedance:
. 0 - P
— v’ —_— 2-18
&) 5 G D B (2-18)
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Quiality factor:

0 v (2-19)
Inductance ratio:
0 2-20
-3 (2-20)
Normalised frequency:
Q 2 2-21
= (2-21)

where Qis theoperatingswitching frequency of the convertérom (216)-(2-21) and dter

some simplificationthe AC voltage gain) , may be obtained as

(2-22)

(2-23)

The neload AC voltage gain) ~ , can be simplified as2(24) for normalised frequency

going to infinity.
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6 4 (2-24)

©
Il

There is anotharesonance frequen@t neload condition which can be defined as2®).

Q 2 o= (2:29)

and in the normalised form:

"Q
"0 : = 2-26
‘ = 5 (2-26)
0 tends to infinityat the neloadresonance frequengi)

The gain of AC circuit fodifferent switching frequenes inductance ratios argliality factors

are presented ifig. 214(a) and (b) As shown, the gain is independent of the loathat

resonance frequencyQ=1). Therefore, it is natural to operate the converter around the
resonance frequendy minimise the switching frequency variatiom addition, inthe LLC

resonance converter tieequality factor,0 , increasesor loadincrease)s the peak voltage gain

decreases and moves toward sems®nance frequenc¥2 Therefore, the full load condition

should be the worstasefor the design of voltage gain and théher e sonant net wo
componentsln other words, the required maximum gain is needethfoiull load condition

(maximumo).
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Fig. 214 AC circuit gain of theLLC resonantonverter (a) _=0.25. (b) _=05.
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Fig. 215 Normalisedinput impedance magnitud# theLLC resonantonverter_=0.25,
no-load (NL) andshortedload (SL).

From Fig. 214, increasing the inductance ratig shrinks the AC gain curves toward the
resonance frequendyvhich means the ntwmad resonance frequenci2 , moves toward
resonance frequengyin addition,the increase of reduces) ~  while it increaseshe

peak gain of each curve.

From (215) and (218), the expressionf the normabed input impedancey , may be
obtained as (27).

A . o T 7 (2-27)

The magnitude of  for different values ob and with_=0.25 are presented Fig. 2.15.
As shown, all curves interceptrdrmaliseccrossingfrequency™Q , which can be obtained

by (2-28). In addition, at frequencies higher than the crossing frequémeynput impedance
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decreases by increasitite quality factor,0 . However, at frequencies lower than the crossing

frequency, the input impedance increases by increésagality factor.

0 _S= (2-28)

The region on the lettand side of the diagram Kig. 215 (i.e.,"Q<"Q ) is the capacitive
region, where theresonant currentQ leads the halbridge squarevoltage,0  ; at
frequen@shigher than theesonance frequengye.,1<Q), on the righthand side region, the

input impedance is inductive, afidlagsv . In the region between the two resonance
frequencies the impedance careitber capacitive or inductive, depending on the value of the
impedance phasengle. Thereforethe loadindependent point occurs in the inductive region

of the voltage gain characteristic, in which the resonant current lags the pulse voltage applied

to the resonant network, resulting ZVS for the switches.

The LLC resonantonverterusually operates ithe inductive region to achieve ZVS for the
switches. Therefore, the boundary operating frequency needs to be obtained for a fixed
inductance ratio and fixed quality fact@®y imposing that the imaginary part@f is zero
(meaning thato  has zero phase anglescauséb is real and does not affect the phase),
theboundary condition between capacitive and inductive mode operation of the LLC resonant
converter can bealculated Therefore,from (2-27), the nomalised boundary switching
frequency;Q , at which the phase angle of the input impedance is zero nwajdotatechs

(2-29). In addition, the boundary quality factor, , at which the phase angle of the input

impedance is zero may balculatedas(2-30).

0 _p _ 0 _p T0 (2-29)
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0 —  : (2-30)

At a fixed normalised frequency and inductance ratio, when the quality factor is below
the tank impedance is inductiv€onsideringthat the LLC converter only operates the
inductive region andrém (222) and (229), he maximum voltage gain alable for a fixed

inductance ratio_( ) and fixed quality factof0 ) may be achieved by {21).

o h 0 Q b h (2-31)

By plotting the locus of operating poini$ [ _ Fi‘Ql _RO ], the boundary gain
which showsaborderline betweethecapacitive and inductive mode in the region betwtaen
two resonance frequencjesay be obtained as-@)[46]. In Fig. 2.16, the AC circuit gain of
the LLC converter alongside the borderline separating the capacitive and inductive igions

shown.

o0 o — (2-32)
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Fig. 216 AC circuit gain of theLLC resonantonverterandborderline between capacitiv
and inductiveregions _=0.5, naload (NL) and shortetbad (SL).

2.3.2 Design of an LLC resonant converter

If an LLC converter operates the capacitive region, the LLC converter suffers from tom
switching losse# its power switcheanddiode lossesréquiringhigh-speed diodes), energy
stored in device capacitances is discharged and lost internal powes switchesand the
input and output filters must be designed for the mininswunmtchingfrequency(leading tathe
larger size of the filterg)37]. Therefore, the LLC resonanbnverteris usually designed to
operate inthe inductive regionln the following of this section, the desiguidelines for an

LLC resonant converter operatingthreinductive region is presented.

As shown inFig. 216, when theconverter is in inductive regiothe output voltage increases
by decreasing theperatingfrequency and the output voltage decreasesifgreasingthe
operatingfrequency. Therefe, the output voltage of an LLC resonant converter can be

controlled by adjustings operating frequency.

The LLC resonantonverter carbe designed tancrease (stepp mode) and decrease (step
down mode) the output voltagéherefore, when the inputoltage varies, theLC resonant
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convertershould be designed toperate athe resonance frequendyhered =1) under
nominal input voltageonditionand if the input voltage decreases, the conveperates in
stepup mode TX'Q and if the input voltage increases the converfeerates irstepdown
mode(">"Q).

2.3.2.1 Maximum and minimum gains
The nominal voltage gain) , is required at the nominal input voltage which may be
obtained by (233).

. CEwW
0 — (2-33)
W
The maximum required gaid  , is requiredattheminimum input voltagew ~ , andfor

maximum load (maximun® ). Thereforep may be obtained from {24).

. GEW
0 ; (2-349)
w .
The minimum required gai, , is required at the maximum input voltage, , which
may be obtained as35).
i GEw 23
) ‘ ( 3 5)

2.3.2.2 Maximum and minimum operating frequencies
In a design process, the minimuif?, , and maximum’)Q , operating frequenciaway be
limited based on the capability of the hardware of the control syatehtheyareneeded for
designing the input and output filtefhe converter should operaté@t when the maximum

gain is needed, and it operate&at when the minimum gain is required.

The minimum operating frequenogan be chosen as the boundary frequebetween

capacitive and inductive regions. In other wordls, is considered as theaximum
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required gaind  , to define the minimum operating frequen®y . Therefore, solving (2
32) for'Q, the minimunmormalisedperatingrequency which allows the required maximum
voltage gain at the boundary between capacitive and inductive mode catcblkatedas

follows:

Q — o (2-36)

In order to make sure that the converter can control the output voltage urildad mondition
at a finite operating frequency (which@ ), the minimum required gain (at the maximum

input voltagew ), 0, should be greater than-22).

0 : (2-37)

Finally, by equating the second term of theload transfer function ¢23) to the minimum
required voltage gaid  , the expression of the maximum normedisfrequency’Q :

may be obtained as follows:

Q 0 (2-38)

I 1o

2.3.2.3 Maximum quality factor
By substituting the minimum frequen¢3-36) into (2-30), the maximum quality factpd
which allows the required maximum voltage gain atltbendary betweethe capacitive and

inductive modemay be obtained as-39).
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= P v (2-39)

C

Operating intheinductive region for the LLC topology is a necessary condition for the ZVS,
but it is not sufficient. In the FHA, the dead time and parasitic capacitance of tieitigéd s
switches are neglected. However, the parasitic capaoittihe haltb r i d gitehsnees to

bechargedanddischargd during turron and-off transients, respectively.

ToallowzVS,thehatbr i dgeds dri ving ci,fYcisimsertedbstweeruc h t t
the end of the otime of either power switch and the beginning of thdiore of the other one

so that both are not conducting during Due to the phase lag of the input current with respect

to the input voltage, at the end of the first half eyitle resonant currerst still flowing into

the circuit and, therefore it can deplete the parasitic capacitor so that its voltage swings from

w to zero (it will be vice versa during the second half cycle).

The analysis for achieving ZVS while the dead time and parasiticitaysaare considered is
out ofthescope of this thesis and tfieal conditiors areonly presented her&eferece[46]
hasa detailed discussidor the interested readdn [46], it is showrthat the maximum quality
factor,0  hshould satisfypothconditions (240) and (241)to guarantee ZVS over the whole

operating range of the LLC resonant converter

0 n&)ub = P (2-40)

C _Q Y
“ pQ Y 0

C

(2-41)

whered is the summation of output capacitancelr@fMOSFETswitches 0 , and stray

capaciance 6 , of the circuit.
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5 <& 8 (2-42)

2.3.2.4 Designprocedure
Based on the presented analysis, a-biegtep design procedure of an LLC resonant converter
is presentedn the following of thissubsection.

Step 1:Design specification listed below should be considered in the first step.

Input voltage ranged  tow
Nominal input voltagew

Regulated output voltages
Resonanefrequency "Q

Maximum operating frequenciQ

A

A

A

A Maximum output powerd
A

A

A Parasitic capacitancé:

A

Dead time!Y

Step 2: The conveter should be designed to work at resondneguencyat nominal input
voltage.Therefore, the required gain at nominal input voltage equals unity and 2¢88), (

the transformer turns ratio may be calculated as:
€ — (2-43)

Step 3: The maximum and minimum gains need to be calculated fre84)and (235),

respectively.

Step 4:The maximum normalised operating frequency can be calculateedds$. (2
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Q —_— (2-44)

Step 5:The effective load resistance reflectedhtetransformer primary side may be obtained
as (245).

A (2-45)

Step 6:From (238) and imposing that the converter operategh@maximum frequency at
zero load and maximum input voltage, the inductance ratio may be obtai{2d®y

(2-46)

Step 7: A maximum quality factorD , that satisfies both conditions-g®) and (241)

should be considered.

Step 8 The minimum operating frequenc{ , at full load and minimum input voltageay
be obtained as {27).

Q Q 0 (2-47)

I 1o

Step9: The resonant componerdtthe LLC topologycan be obtained as follows:

o 0 Y (2-49)
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. P
o] R (2-49)
- 2.50
U c 13 "Q ( 3 )

o (2-51)

Step 10: Finally, an integrated transformer with leakage inductance of , magnetising

inductance ob and turns ration of needs to be designed.

It should be mentioned that while the LLC resonant converter beffr@iits higher power
density and efficiency, better EMI performance, and more flexibility in voltage range compared
to PWM converters, there are also some disadvantages associated with this cdiinstlyer.

the design process of a resonant converter i® riimeconsuming and complicated than that

of a PWM converter. Secondly, the output voltage could be affected by the load, making it
challenging to regulate the output voltage for different loads. Additionally, the duty cycle is
usually constant inesonahconvertes, and the output voltage is controlled by the switching
frequency. Therefore, achieving efficient and stable control over the resonant tank, switching
devices, and feedback loops requires sophisticated control algorithms and careful
implementabn. Lastly,the LLC topologyeither requires three magnetic components, leading
to low power density, or an integrated transformer, which adds complexity to the design

process of the converterhisis furtherdiscussed in the next section

2.4 Magnetic integation for LLC resonant converter

Magnetic integration can be appliedatoonverter to combine the inductors and the transformer
into a single magnetic devicltegrating magnetic components of an Lidpologyinto a
single magnetic device enhances tbaver density and efficiencgnd decreases the cosh

addition, wh e n al | of a circuitos i nducti ve el en
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Fig. 217 The equivalent circuit of a coupled inductor. (a) First model. (b) Second m:

electromagnetic compatibility is improved, since it is easier and cheaper to shield one structure

thanthree.

There are many methods to integrate the magnetic components of an LLC converter into a
single magnetic device by manipulation of the coreswimdlings of the transformer and
inductor, which will be reviewed in Chapt&rin addition the leakage inductance of a typical

high frequencytransformer can be selected by design and used as the series inductor of the
LLC tank as presented Fig. 2.11(a).

The equivalent circuit of a coupled inductor is showikiop 2.17(a). This equivalent circuit
can be expressed as%2)[5, 12]

0 0 0 A 1Q
\ N N T 2-52
U U v Ay Q (2-52)
whered and0 are primary and secondary silfluctances, respectively, and0d are

mutual inductances ari@ and"Qare the primary and secondary currents, respectively.

The coupled inductor can also be represented by the-ittdeetor model shown irFig.
2.17(b). This equivalent circuit can be expressed &3 In (253),0 and0 are the number

of primary and secondary turns, respectivély, and0  are primary and secondary
leakage inductances, respectively ands magnetising inductance which may be obtained as
shown in (254).
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b (2-53)

0 6’0 2-54
0 (')

To calculate the magnetising inductance, the mutual inductangeneeds to be obtaingdl.

may be obtained as

5
0 g % (2-55)

where%o is the mutual flux generated by the primary winding. By substitutirigbjdnto (2

54), the magnetising inductance can be obtained as

0 == %o (2-56)

The primary selinductance may be obtained from-§2), whereT s the total core

reluctance experienced by the primary winding (including the air gaps).

0 — (2-57)

And the secondary seifiductance can be obtained by42), wheret  isthe core reluctance

(evaluated from the secondary side).
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I — (2-58)

From (252) and (253), the primaryp hand secondaryj ‘ hleakage inductances can be

obtained as (B9) and (260), respectively.

6 0 0 (2-59)

5
6.0 0 (2-60)

When it is assumed that flux linkage is exactly the same for both primary and secondary
windings, the primary and secondary leakage inductances can be considered identical.
Therefore, the secondary leakage inductance carefeered to the primary side of the
simplified equivalent circuit according to transformer turns ratio. Assuming magnetising
inductance is much greater than the primary leakage inductance, the total leakage inductance
may be estimated as-61).

5
60 =b e (2-61)

It should be mentioned that while magnetic integration provides many advantages, it also
makes the design of the converter more complex anddonsuming. Magnetic integration
involves combining multiple passive elemgrdguch as inductors and transformers, into a single
magnetic component. The limitation of this magnetic component can lead to a more intricate
and restricted desigprocess, which may impact overall converter performance in specific
operating conditions-or example, the transformer may not be able to provide the required
leakage inductance, and therefore, the converter needs to be redesigned, with its series resonant
inductance limited to the maximum value that the integrated transformer can phoggizion

3.2, the limitations of different topologies of integrated transformers are discussed.
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2.5 Conclusion

This Chapter introduced different types of power electronicdd@Cconverters. In addition,
the PWM technique for switching of switchedode power soplies was investigate®?WM
converters, like the boost converter, suffer fratack of softswitching capability and thus
have high switching losses under higlquency operation. Losses are limited by constraining
the operating frequency, leading to lower power denditis discussed that the switching

losses can be limited byldingsoft switching capability to the traditional PWM converters

Even though sofswitching capability can be achieved by adding an auxiliary circuit to the
conventional topology of the PWM converters, the auxiliary circuit adds complexity and cost
(will be shown in Chaptet). On the other handhé resonant convertebenefit from soft
switching capability inherentlgnd therefore thegould be a more suitable choice for high

frequency and high power density converters.

Resonantconverterswere discused andamongst different resonant converters, the LLC
converter waschosento be further investigated due to its unique advantaglee LLC
converter wasanalysedand it was pointedout that this topology needs three magnetic
components which makeecomn v e r t e r tage. Mowéver heelLLC resonant converter

can provide a higher power density when its magnetic components are integrated into the
transformerlt is discussed how the leakage inductance of a tyjpighfrequencytransformer

can be selected by design and used as the series inductor of the LLC tank
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Chapter 3

Literature Review and Focusing the Research

This Chaptediscussetheadvantages and disadvantagesaftswitching techniques that can

be applied to reduce switching losses of-DC converters. In addition, it discusses the costs
and benefits of new statd-the-art semiconductor devices that can be used to decrease
switching losses. Finally, iintroduces the first research focus of this thesisfurther
investigate the PWM converters which either use-swiiching techniques or new wide
bandgap (WBG) semiconductor devices or both or neither of them to find the nefatiden
method for achieving lower switching losses.

In the following of this Chapter, a full revieafintegrated transformers suitable for LEgpe
topologies and their issues provided. Finally, the main issues of insersdint integrated

transformers are discussed and foesearch focussto address these issues are proposed.

3.1 Limiting switching losses inDC-DC converters

It is well-known that the volume of passive components is inversely proportional to the
switching frequency. At higher switching frequencies, in addition to reduced passive
component volume, a lowapacitance and losmductance filter can be used which als
enhances the dynamic response of the system. However, increases to switching frequency are
limited due to switching device availability (and cost), and also because high frequency
operation increases switching losses considefdlzly There are different methods that can be

used to decrease the switching losses which are discussed in the following of this subsection.

3.1.1 Soft switching techniques

The switching frequency of a DDC converter can be changed basedload so that the

converter operates iboundarycondition mode BCM) or discontinuous condition mode

(DCM) for a wide load rangpt8]. The DGDC converter6s switches ca
currert switching (ZCS) condition und&CM and DCM switching strategies. However, this
technique needs complicated control strategies, and has a largieqpeakand RMScurrens
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across the main inductand the semiconductgigading to highar core and conductidasses
In addition,the DEDC converter 6s swit c hoffswitchihgildsdes. suf f er

DC-DC PWM convertersn continuous conduction mode (CClgffer from high switching
losses and cannot be switched at high switclrieguencies, leading to low power density.
However, by adding an auxiliary circuit to the conventional topology ofOBCPWM
converters, their switches can be turned oafbfor both) under soféwitching conditions to

limit (or eliminate)switching loses.

In recent years,several sofswitching techniques have been introduced to augment
traditionally hardswitched DCDC converters thereby limiting switching los4é8-34], by
commutating the devices during their zerwarent or zerevoltage transitionsin these
techniques, @ auxiliary circuit is usually adde the conventional topology of the E@C
converters This auxiliary circuit can have an active device such asSKWEX and IGBT or
cannot havet [49].

The techniques that do not use an active device include-igpsasiant converters, passive
snubber converters and auxiliary comatign converterQuasiresonant converters often use
small inductors and capacitors connected with the switching unit in series or parallel to obtain
zeracurrent switching(ZCS or zerevoltage switching (ZVS) condition$50-52]. For
example, the topology shownkig. 26 (pagel9) is a ZCS quasiesonant converteRassive
snubber converters use a snubbiecuit consisting ofinductors, diodes, and capacitors to
achieve ZVS or ZCS conditior{83-55]. For example inFig. 3.1, a passive snubber buck
converter is shown, which is proposed56]. Auxiliary commutation converters use auxiliary
circuits to generate an atdnal auxiliary current between two semiconductor devices to

composite current waveforms needed by ZCS or ZVS conditdh$8]
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W A O¢ —— Y ]

Fig. 3.1 Passive snubber buck converter present¢sgh

The techniques that need an active device includevadtage transition converters, zero
current transition converters, active resonant converters and active snubber corMeegters.
zerovoltagetransitionand zero current transitiamonverters use auxiliary power transistors to
create ZVSor ZCSconditions forturning on or off thanain switcheg59-61]. Zero voltage
transition auxiliary circuits are composed of power transistorsamtimductor in series, but a
zero current transition auxiliary circuit is composed of power transistors with a capacitor in
seriesThe active resonant convertargquastresonantonverterwith active switches added
in the auxiliary circuito obtaina fixed frequency control characterist{ssich as the topology
shown inFig. 4.2 in Chapter 4, pag86) [62, 63] Finally, an active snubber converter is a
passive snubber converter with an active switch added in the auxiliatyt to control the
resonant procegé4, 65] For example, inFig. 32, the topology of an active snubber buck

boost converter is shown which is presentefj.
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Fig. 32 Active snubbebuckboost convertepresented ifi66].

The switching losses are limitddr eliminatedl in softswitched DGDC PWM converters.
However, the softswitching techniquesisually require an auxiliary circuit consisting of
inductors, capacitors, diodes and switches, which increases the complexity and cost of the
converter[7]. The complexity could involve more passive and active components, and the
control systems may need to manage an auxiliary switch alongside the main switch, making
compensation a bit moahallenging due to thhigher order of the new circuithis ultimately

leadsto a higher pricdn addition, the sofswitching techniques cannot provide high efficiency

for all load ranges and, sometimes, they only can be used for a narrow voltagevanthpge.

Therefore, sofswitching techniques can only enhance the efficiency in the vicinity of the

nominal operating conditions and for the designed applicaifot)s

Several authors have proposed soifitched converters to increase efficiency for a range of
applicationg29-34, 47, 67] However, there has been ngaious analysis to confirm, once all
implications of implementing a se$twitched approach have been considered, that the solution
is more meritorious than a traditional haditched approach. Therefore, a comparison in
terms of cost, power densigndefficiency for hard and softswitched DCDC converters is
needed.
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3.1.2 Wide-bandgap semiconductors

The quality of the semiconductor devices has a significant influence on the performance of the
DC-DC converters. Recently, significant efforts have been applied to decrease the switching
losses (chiefly by reducing parasitic capacitance) and conductses|fisy reducing estate

resistance) of the switching devidés].

The present silicon (S) echnol ogy i s reaching t hiteis mater
becoming more difficultto meet all the requirements of tmee x t g e nnelustaial i on 6 s
applications. However, areakthrough has been achieved by using \s@edgap (WBG)
materials, such as silicon carbide (SiC) and gallium nitride (Gaid)they ardbecoming
gradually more popular because of themproved electrical, mechanical and thermal

performancgl13].

SiC diodes such as Schottky did@®], PiN diode[70] and junction barrier Schottky diode

[71] and, SiC electronic switches such as metal oxide semiconductor field effect transistors
(MOSFETS)[72], junction fieldeffect transistors (JFET$Y3] and insulated gate bipolar
transistors (IGBTs|73] have been developed for commataise during the last two decades.
High-power SiC Schottky diodes haaémostzero reverse recovery charge, and the reverse
recovery current is low, which makes them popular for industrial use. The SiC PiN diode has
low specific resistance but the reverseovery current during switching and the forward
voltage drop are high. The junction barrier Schottky diode combines the advantages of the
Schottky and PiN diodes. The SiC MOSFETs are the main switching devices and are widely
used. The SiC JFETs are ukyian devices and have advantages such as resistive forward
characteristics. To overcome the increasingemistance under high blocking voltage, bipolar

devices such as SiC IGBTs are developed for-pmgher and higtvoltage usg¢74].

GaN power diodes such as Schottky digd®] and PiN diode[76] and, GaN electronic
switches such as JFE[I&] and MOSFET$78] have similar characteristics to the SiC devices.
GaN high electron mobility transistor (HEMTJ9] is the mosfamousGaN device in the
market.Several modified structures havedn developed to improvke performanceof the
GaN HEMTsuch as the enhancement of the GaN transistor (e[8aN)
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Fig. 3.3 Comparison of Si, SiC, and GaN for power semiconductor applicdfiBhs

The superior performance of WBlased switches over -Based switches in terms of
switching losses and switching speed has already bed&moed in the literaturg¢81, 82] In
general, the advantages of SiC and GaN could be summarised as pres€ige@.8 The
switching devices based on WBG materials cannot only be switched with greater speed (MHz
range), but also have lower switching losses compared to traditional silicon (Si) switches. In
addition, they benefit from higherarimum junction temperature (if appropriately packaged)
and lower conduction losses due to increased carrier mof#&}; This allows higher
efficiency to be achieved at high switching frequencies with the help of W&8d switches

while the conventional simple structure of the-DC converter does noerd to be changed

(in contrast with sofswitching techniques).

WBG devices such as SiC and GaN have shown improvements in the design of highly efficient
and compact DE@C converterd84]. An efficiency comparison between al&BT-based

switch and a GaMvased switch in a motor drive application is providefBBj. It is shown

that the GaMbased drive has a better efficiency.[86], the efficiency of Si and SiBased
switches in a high gain DOC boost converter for higholtage lowpower applicdons has

been investigated. It was shown that the highest efficiency is obtained when the power
transistor is implemented by a normadiff junction field-effect transistor and the diode by a
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SiC Schottky device with a small parasitiapacitance. 1187], the commormode EMI
characteristics foGaN highelectronmobility transistor (HEMT) and Si MOSFET power
converters in (hybrig electric vehicle applicationbave been studied. By parametrically
increasing the gate resistance of switches, the tradeoff between converter efficiency and
commonmode noise generation is quantifidd.[88], a 3® V/180W boost converter was
proposed using GaN FET and SiC Schottky diodes atkPl20switching frequency, with an
efficiency of >92%.In addition,a 10MHz GaN 1634 V boost converter with abo\89%
efficiency is presentetb show the capability of GaN devices at high frequeri8igls

In [90], an overview of the classical and recent development inCI@Cconvertetopologies

based on WBG semiconductor devices is presented. The properties of WBG devices motivate
a new generation of higéfficiency converters in applications where classical power converters
present significant limitations, such as higblitage, hightemperature andhigh-frequency

operation.

Even though WBG devices have many advantages compasétdo switching devices and
may be considered as an alternative for soft switching technifpeese of WBG devices has
still some drawbacks. First, WBRased hargwitched converters still suffer higher switching
loss than full sofswitched converters, where soft switching is applied to all commutations.
Second, WBG&hased switches have shown coesable progress, but they have not yet
achieved the same level of technological advancement for their production as silicon switches
in terms of production and manufacturifigpereforedue to the complexities in manufacturing
WBG materials and limited enomies of scale/VBG-based switcheare often more costly
Furthermore, they suffer from sgtivity to parasitic components in the higheed gate drive,
high reverseconducting voltage drop and high electromagnetic interference (BYL) The

fast switching speeds 8YBG devices lead to sharp voltage and current transitions, which in

turn generate significant EMI.

The point at which parasitics become problematic for-saitched PWM converters depends

on various factors, including the specific converter design, the quality of components used, and
the parasitic values themselves. Generally, as the power level atwthisgv frequency
increase, the impact of parasitics becomes more pronounded. 12, for example, it can

be observed that increasing the poleeel and switching frequency impacts the efficiency.
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3.1.3 First research focus of the thesis: soft switching circuits vs. WBG

switching devices
Considering soft switching techniques discusseiid and given studies iB.1.2,0ne of the
aims of thisthess is answeringhe important question they raise: in general sdin-based
softswitched DCDC convertersmore efficient and/or more convenient than WB&sed
hardswitched DCDC converters, or is the reverse true? For completeapdsto set
benchmaks, this thesisalso should investigate WBGased sofswitched converters and-Si
based hargwitched converters.

Similar previous work has not covered the same scope. Refd@)ctor example, presents
only a comparison osilicon-based sofswitched and Sitased hardwitched inverters.
However, a comprehensive performance comparison was not presef2}] only cost and
power losses were comparéidshould be noted the characteristics ofBC inverters studied

in [92] and DGDC converters can bagnificantly different. Moeover, each techniqusoft
switching and statef-the-art WBG switches) can have different results for different
applicationsA method can be more efficient in a particular application such as battery charger
while it might be less suitable for anotlagplication such as in PV systems. This presents an
opportunity to explore the space between the use ebadtithing techniques and stadéthe-

art WBG semiconductors in lewoltage (<650V) hargwitched DCDC converters for
renewable energy applicatis comprehensively. We therefore present a case study which
supplements existing literature and expands the scope of knowle@gedmpass DOC
convertersn the application range of hundred waihis case study iavestigated in Chapter

4. As previously stated, this thesis primarily focuses on[ converters. Therefore, the

findings and contributions of this study may not necessarily be applicable to inverters.

3.1.4 Resonant converters

In PWM converters, high switang frequencies cause high switching losses. An auxiliary
circuit can be usually added to the conventional topologyRWM converter tgrovidesoft
switchingcapability for theconverter However, this auxiliary circuit leads &omore complex

and expernige circuit, and it cannot always guarantee higher efficiency of the converter for
different applications [&]. In Chapter4, it is, for example, shown that the seftitched
version of theboostconverter is more expensive and complex than the convahtiamd

switchedboostconverter.On the other handsadiscussed in Chapt8r resonant converters
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Fig. 34 Theschemat of class E converter.

benefit from softswitching capability inherently and therefoby using the new WBG

semiconductorghey can be switched at high frequencieadbieve high power densif93].

The softswitching nature has been previously studiecesonant converters such@assE
invertess [94] and clasD invertes [95]. As a result, resonant converters have been
investigated for use in many applicatissischas LED driverd96], LCD TV [97], electric
vehicles charging statid®8] and photovoltaic systenj89], for convertingAC to DC[100,

101], DC to DC[102, 103] or both[104, 105] However, resonant topologies require extra
reactive components which decrease the positive effect of the high switching frequnéhey o
power density. It is often argued that the exéractiveelements of resonant converters are of
small physical size at high frequencies and therefore the penalty is not serious. Besides, since
the required resonant inducter normally of small inductance value due to higperating
frequency, the possibility of applying parasitic component, such as leakage inductance of the
transformer, is frequentlgiscussed44, 106}

Class E convertershown inFig. 34, is simplewith only one active power switcand is
efficient at highfrequences [107]. Eventhoughthis convertethas agreatpotentialfor high
frequerty DC-DC convertes, it also increases the voltage stress over the switch, greatly
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limiting its application. Moreover, its ZVS performance is sensitive to thevaadtionand

additional compensatiazircuit need tdoe designed tomprovethis sensitiviy [108].

Class D series resonant converter elads Dparallel resonant convert@ffig. 2.8 andFig. 29,
respectively page2?2) have been used for designing AC power supplie9, 110] However,
they have their limitation such af#fficulty in regulating the output voltage &w-load
conditiors (series topology) and low efficiency at lightatis (parallel topology)37]. As
discussed in sectioP.3, the LLC resonant convertewhich isstill one of the derivates of

class D series resonardnvertercan overcome the limitation of the series resonant converter

The LLC converters one of the most populdopologiesamongst resonant converters and has
been used in many applicationscause of its unique advantagéise LLC converter benefits
from ZVS capability from zero to full load range, low voltage stress on secondary rentfier,
load voltage regulatiorhigh efficiency andccan be designed to obtain high voltage gain at a
narrow range of operating frequencjé4l, 112] Therefore, the focus of this thesis istbe

LLC converter for achieving high efficiep@and power densitgonverters

An isolated LLC resonant converter, shownHig. 210 (page23), uses three magnetic
components: a parallel inductor, a series (or resonant) inductor and a transidritiemakes

it large However,to furtherincrease the efficiencgnd power densitpf the LLC resonant
converter, all three magnetic elemenén beintegrated into a single magnetic component.
Even though a lot of research for integrating magnetic components of LLC conliedieegn
conducted in recent years, there are still some sssuthis aredgl2], which arediscussedn
subsection 3.2. Therefore, the main focus of this research is on improving magnetic

integration for the LLC topology.
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3.2 Magnetic integration

3.2.1 A review on different techniques for magnetic integration

A lot of researclon integrating magnetic components of LLC converterg other resonant
converters such gmishpull class E topologjl13], LCC topology{114], LCLC topology{21],

and other converters such asaseshifted fultbridge converterfl15], interleaved converters

[116] and dual active bridge convertdfd 7] hasbeen conducted in recent years. In the this
section, the techniques which may be suitablerfagnetic integration iresonant converters,
especially the LLC topology, are presented and their advantages and disadvantages are
discussed, then one of thencitsosen to be the focus of this thesis and finddlyr research

focusesto address its current issues are proposed.

3.2.1.1 Three windings with a single transformer core
The structure of this technique in which the transformer has three widdiwgswindings for
the transformer looped around one leg and one winding looped around another leg of cores for
the series inductér can be usetb integratehetransformer and series (resonant) inductor into
a single transformer car&or exampleFig. 35(a) shows the structure presentedid8]. In
this structure, the transformer windings are placed on the left outer leg and the resonant inductor
winding is placed on the right outer leg of the magnetic ¢oraddition, there are air gaps on
both outer legs and no air gap on the e=laly. The left air gap can regulate the magnetising
inductance and the right air gap can be used to adjust the resonant (series) inductance. The
fluxes generated by the trangfoer and the resonant inductor are shorted through the centre

leg and the fluxes on the centre leg can be cancelled.

Even though this structure does not need a bespoke transformer core, it is mechanically
unstable (outer | ege ®dlingao imgplanges in éhe magnetictfluxt h e
within the outer legswhich in turn affects the transformer's overall performance and efficiency

In addition the flux density on the left outer leg is doubled compared to the discrete transformer
because the csssectional area of the left outer leg is only half of the centre leg (leading to

higher core loss).
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Fig. 35 The structures of the integrated transformers presemtdd 8]. Resonant inductor
winding on the outer legb) Resonant inductor winding on another E core.

3.2.1.2 Three windings with a single transformer core
To make the flux density of thetegratedransformer the same as the discrete transformer, the
topology shown irFig. 35(b) has been proposé¢ti18, 119] In this structure, the transformer
winding ison the upper Eore and the resonant inductor winding is on the loweore. There

are air gaps on both the upper and lower cdatye and outer legs. The fluxes generated by
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the transformer and the resonant inductorcarabinedthrough the middle-tore and the flux

on the tcore can be cancelled.

This topology ismmechanically stable structure because the air gap is on aigheHowever,

the window area in this structure is decreased compared to aelisgnstormer. In addition,

the power density still does not increase noticeably compared to using a separate transformer
and inductor. In other words, for identical powed aoltage, similar volunefor theinductor

and transformer are needed awmbining themdoes not change the total power density

compared to using separate transformer and inductor (since they both have the same size).

3.2.1.3 Outer legs decoupling and integration of windings
The winding of the resonant inductor can be integrated into the primary winding of the
transformer. For example, as presente#ligy 3.6 [120], theresonant inductor is distributed
on both sides of the outer legs and the transfanggimary and secondary windings are
looped around the centre leg. The two windings of the resonant inductor are connected in series

with the primary winding of the traf@mer.

By adjusting the winding direction of the resonant inductor, this method can make the flux on
the centre column generated by the two sides windings cancel each other and realize the
decoupling otheresonant inductor and transformer windings. ldeer, this technique results

in amagnetic bias problem and increathe core loss greatly. In addition, this structure suffers
from higher conduction losses due to the auxiliary winding and-eddgnt effect and has low
flexibility in the design.
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Fig. 36 The structure of the integrated transforpersented ifil20].

3.2.1.4 Manipulation of the transformer core or adding auxiliary core for magnetic
integration
Another way to integrate the required series inductance into the transformer is to produce a
designspecific core geometry or add an auxiliary core to a stargothetry transformer and
merge either the primary winding or secondary winding with the windirthe series inductor
[44, 120125]

In [44, 120] a structure for magnetic integration is proposed which uses two pairs ofawes

for the transformer and one for the resonant inductor) and the primary winding is merged with
the resonant inductor winding. This structure is present&yin3.7. As shown, the primary
winding is looped around the centeg of the two pairs of cores at the same time, while the
secondary winding is only looped around the centre leg of the transfoorer The gap
betweerthe two pairs of cores can be adjusted separately. The transformer core has a smaller
air gap to increase the coupling between the primary and secondary sides and reduce the
leakage inductance of the secondary side, whilenth&ctorcore has a larger gap to provide a

larger resonant inductance.
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Fig. 3.7 The structure of the integrated transformpessented ifd4, 120]

This scheme of using two pairs of cores increases the volume and the power density does not
improve noticeably compared tsing a single transformer and a single inductor. The core
structures can be modified to achieve flux cancellation and lower vdiL@del 23], but as

presented ifrig. 3.8, this approach requires a new bespoke transformer core for each design.
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Fig. 38 The stucture of thentegrated transformer presentedi@3].

3.2.1.5 Utilisation of the leakage inductance as the resonant inductance
As discussed in Chapt@r to eliminate the neefbr an auxiliary core or winding for magnetic
integration, the leakage inductance of a typical high frequeaagformer can be selected by
design and used as the series inductor of the LLC tank as presefilgd?itl(a) [5, 46, 126,
127].

The planatransformer can achieve a high leakage inductance which can be estimated precisely
when the primary and secondary windings are placed separately as shogusif. In [128,
129], a detailed analysis fonoreprecise estimation and adjustment of the leakage inductance

of a planar transformer is presented.
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Fig. 39 Planar transformer with separated primary s@cbndary windinggL30].

Using the leakage inductance of a typical weuncde or planar transformer benefits from low
cost and simplicity in manufacturing because it does not need any manipulation in the
transformer structure and an auxiliary winding for the inductor is not esfjidowever, in

this approach, the leakage inductance can be only adjusted for a limited variation since it is
determined based on the geometry of the core and windings, leading to low flexibility in the
design.Consequently, if a higher amount of leakagg#uctance is required beyond what the

core's limitations allow, this particular structure would not be a suitable option.

Some magnetitield-conductingsheets can be added between layers of windings to integrate
the magnetic components by enhancing the leakage inductance (as a result of increasing energy
stored in the window aref)31]. However, this approach defs from lower efficiency due to

the high eddycurrent losses in the windings and low flexibility in design.

In the following of this section, some other techniques that can be used to increase and adjust

the leakage inductance are reviewed.
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Fig. 3.10 The structure of the integrated transformpersented ifl132].

3.2.1.6 High leakage inductance with primary and secondary windings on the outer
legs
Another structure which is suitable for the series LC and spardlel LCC resonant
converters is proposed jh32]. This structure is shown iRig. 3.10. As shown, the primary
and secondary windings are looped arounatherleft and outerright legs of the transformer
and an air gap is inserted into the centre leg of tHterE to achieve a controllable leakage

inductance.

Although a multilayer PCB with minimal complexity can be used as the windings, the
transformerhas a large footprint since the windings extend outside the transformer core. In
addition, the AC resistance is high in this design, and leakage and magnetising inductances are
not decoupled and cannot be designed separately. Moreover, the magnetisatgnoelu
cannot be adjusted easily in this structure since there is no air gap to regulate the mutual flux
of primary and secondary windings. Hence, this structure may not be suitable for the LLC

topology in which an adjustable shunt inductance is needed.
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Fig. 311 The structure of the integrated transformer presentgdin

3.2.1.7 High leakageinductance with interleaved primary and secondary windings
A lower AC resistance and controllable leakage inductance can be achieved with an interleaved
or semiinterleaved windings structure of the transformiBd, 133] For example, irthe
topology proposed ifiL0], shown inFig. 3.11, the primary and secondargide windings are
looped around the outer legs of thansformer core asymmetrically (i.e., placing a different

number of primaryand secondargide turns).

By asymmetrically distributing the windings, controllable leakage inductance can be generated
by tuning the core reluctances, and winding interleawirigch leads to lower AC resistance,

is achieved. However, in these approaches, the winding structure is complicated and the
leakage and magnetising inductances are not decoupled and cannot be regulated separately,
making the design process more complidaMoreover, the primary and secondary windings

are looped around the outer legs, leading to a larger footprint for the transformer, lower power

density and potentially higher electromagnetic interference (EMI) for the converter.

Furthermore, in the intlraved winding structure, there is a high overlap area between the
primary and secondary windings, which could increase the-witeling capacitance to an

undesirable value. Furthermore, these approaches may not be suitable for LLC topology since
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the magetising inductance cannot be adjusted easily (there is no air gap to régeiatsual

flux of the primary and secondary windings).

3.2.1.8 Inserted-shunt integrated planar transformer
The structure of an integrated planar transformer with an insgaat isshown inFig. 3.12.

Inserting a lowpermeability magnetic shunt in the centre of a planar transformer while its

primary and secondary windings are separated (by being located above and below the magnetic

shunt) can provide a high leakage inductance and provides greataoengrecise control of
its value[12, 130, 134136].

In the inserteeshunt integrated planar transformer showrrig. 3.12, the primary winding
generates a flux in theppercore, and this is responsible for producing the primary side self
inductanced , of which the magnetising inductanae,, is the largest contributor. A small

but significant proportion of the primary flux flows through the shunt and is responsible for the
primary side leakage inductance, . Similar arguments lead to thgrovision of the
secondary side leakage inducteyic . The remaining primary flux crosses the air gap and
couples to the secondary winding and so is responsible for the ideal trangiammseratio,

0 d) . In the analysis of the insertatiunt integrated planar transformers, it is assumed that
flux linkage is exactly the same for both primary and secondary windings and therefore the
primary and secondary leakage inductances can be considered identical.

The relationship bet ween t he |l eakage and

characteristics and length of the air gaps for this method is discusget] 80, 134, 135]
According b [12], the energy stored in the windings and insulation layers is far lower than that
stored in the magnetic shunt and therefthe inserteghunt is the main cause of the high
leakage inductancén addition, the leakage and magnetising inductances can be controlled for
a | imited range of the | eakage inductance

the permeabilit of the shunt and the length of the air gaps, respectively.
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Fig. 3.12 The inserteeshunt integrated transformey). Structure. bExploded view[12].
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Insertedshunt integrated transformegan integrate all three magnetic components of an LLC
resonant converter in onlg transformer without any auxiliary windingand the readily
available planar cores in the market can be used without any manipuldienefore, this
topology also benefits from the advantages of planar transformieisigh power density,
improved coting capability, modularity and manufacturing simplicji2]. In addition, the
leakage and magnetising inductance are decdufptan each other and can be adjusted
separately. In summary, the inserstlnt integrated transformers could be an attractive
technique to be used for magnetic integration in an LLC resonant converter; hence the focus of

this thesis is further investigah of this technique and addressing its issues.

3.2.2 Research focuse®or the inserted-shunt integrated planar transformer

In this section, the main issues of the insedkdnt integrated planar transformers are

discussed and therasearch studide addresshese issues are proposed.

3.2.2.1 Secondresearch focusf the thesis: Using a segmental highermeability shunt
instead of a lowpermeability single-segment shunt

Inserting a singlsegment lowpermeability magnetic shunt in a planar transformer enhances
the leakage inductance and makes the estimationvaflite more accurate, but this idea suffers
some disadvantages. The magnetic shunt must have a specific and unusvadynheability
(relative permeabilityx100) Suitable magnetic materials are not often readily available, and
when they are, they are épgently expensive. In additiothese lowpermeability materials are
often found only in limited sizes while different thicknesses, widths and lengths are needed for
each specific design of this integrated transforfh@b, 137, 138] Therefore, a new bespoke
magnetic materiakith a specific sizés required for each design in this approach, which makes

the design expensive and less flexible.

To address these issues, a caseyssinbuld be defined to propose a new structure for the
insertedshunt integrated transformer in which higérmeability materials can be used for the

shunt.

In Chapter 5two new structure§ermed IT1 and IT2are proposed that use higermeability
mateial for the shunt. In the proposed structures, the inserted shunt is formed by interleaving
highly permeable ferrite with thin plastic spacers to form segmental magnetic shunts. This
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design approximates the lgpermeability material; its permeability isoaulated by the ratio
of ferrite-to-spacer length. The design is more economical because ferrite is widely available
in the marketn different sizes and for lower prise

Both of the proposed structures are analysed and their modelling and design eglididin
provided in detail. The theoretical analysis is verified by fieiement analysis (FEA)
simulation and experimental results. The AC resistance for the proposed structures is also
discussed. Furthermore, an LLC converter is implemented to inviestiga performance of

the designed fuliyntegrated magnetic transformers. It is shown that this LLC converter
operatesproperly while all of its magnetic components are integratet the proposed

structures.

3.2.2.2 Third research focusof the thesis: Using a solid highpermeability shunt instead
of a segmental highpermeability shunt
The structures proposed @hapter 5(IT1 and IT2)do not need a shunt with specific
permeabilities and dimensions. However, the inserted shunt has ma#grnents and has to
be located between two-&ores which makes the implementation difficult. Therefore, to
address this issue, a new topoldgsrmed IT3)for achieving high leakage inductance in

insertedshunt integrated planar transformergroposedn Chapter 6

In the proposed topology, two solid shunts are placed across the plaoes &ir gap and
between the primary and secondary windings. The proposed topology benefits using solid
inexpensive ferrite shunts, making manufacturing easier. Aletanathematical model is
derived from which a design methodology is developed, providing accurate estimation for the
leakage and magnetising inductances. The theoretical analysis has been verified using finite
element analysis and experimental implemigona AC resistance analysis and efficiency
comparison are also presented for the proposed topology and the topology with 4nserted
segmentakhunt, which shows the proposed topology provides higher efficiency because of
lower AC resistance. In addition, &olated LLC resonant converter is designed and built to
investigate the performance of the proposed topology in practice. The three magnetic
components needed for the designed LLC resonant conaegtetegrated ito a single planar

transformer usinghie proposed topology and the converter operates properly.
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3.2.2.3 Fourth research focus of the thesis: Insertedshunt integrated planar
transformer with low secondary leakage inductance

In integrated planar transformers with insersbdint, including the transfoerms proposed in
Chapters and6 (IT1-1T3), the leakage inductance increases on both primary and secondary
sides.The effects of secondary leakage inductance on LLC resonant conaegtrvestigated
in [139]. FHA has been usually used to analyse the LLC topology while the secondary leakage
inductane is ignored. However, the voltage gain of an LLC converter is very sensitive to
resonant components and ignoring the secondary leakage inductance causes inaccurate analysis
[122, 140] Alternativdy, the primary and secondary leakage inductances are considered
identical in many studies, such as the insestaaht integrateghlanar transformers, and the
secondary leakage inductance is referred to the primary side of the simplified equivalent circuit
according to the transformer turns ratio and the total leakage inductance is calculated by (2
61). However, this method is also not precise, especially when the magnetising inductance is
purposefully reduced by inserting air gaps in transformer cores, again such as-stsented
integrated planar transformdtst1].

The effect of secondary leakage inductancehaoperation of the LLC topology isriefly

investigated below.

When the leakage inductanaecreases on botthe primary and secondary sides of an
integrated transformer, the equivalent circuits present&igin2.11(a) andFig. 2.13 should
be modified as equivalent circuits presente&ign 3.13(a) and (b), respectivelyTherefore,

not consideringhe secondary leakage inductances, , may resulin incorrect analysis.

FromFig. 3.13(b), the gain of the new AC circuit witacomplete transformer model (CTM)

may be derived from the circuit analysis a4lj.

m & p0 s P g O
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where
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v v # (3-2)
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- 5 o (3-6)
Q < 3-7
At the resonance frequency, i.e. for =1, the voltage gain becomes:
b 3-8
0 P (3-8)

From @-8), after ignoring the secondary leakage inductaice (, the voltage gain of the
simplified transformer model, which has onlyleakage inductance on the primary side,

becomeg3-9) which is same a2{22) at the resonance frequency (s&g 2.14).

Chapter3 71



Sajad Ansari Literature RevievandFocusing th&research

Q% 0 @

¢—/— [JR

(b)

Fig. 3.13 LLC resonant convertarith secondary leakage inductanéa) Schematic (b)
AC equivalentcircuit. 0~ isO  transferred to the primary side.

Table 31 An exemplar transformer parameter

) 0 O (uH) 0  (uH) 0 (uH)
42 18 51.6 60.4 243.9
0 p (3-9

In order to better highlight the differendestweerthe two cases, an exemplar transformer with
characteristics, presented Trable 3.1, should be considered A fair comparison with the
simplified transformer model case must preserve the same resonance frequency as well as the
same total primary inductance, measured with an open and shorted secondary[4@jding

fact, theg conditions guarantee the same ZVS behaviour dbath Thus, the simplified

transformer model (STM) must have the following parameters:
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The comparison of the voltage conversion ratio amplitude calculated using the simplified
transformer model and complete transformer model is showtigin3.14. As shown, the
difference, at the resonance frequency, is in the order of 25%, independently of load, as
forecasted by3-8) and 8-9).

Some researchas been done to model the LLC converter while the secondary leakage
inductance is considered3, 140] Ewen though these models estimate the gain of the
converter more precisely, the design of the converter and its control system is more complicated
when there is a high secondary leakage inductfrideand thus it is still preferred to have a
negligible leakage inductance on the secondary side. Zaaaf[142] point out that, in LLC
resonant converters for voltage regulator modules (VRM), the synchronous rectifier switches
employ a sekldriven method. In this situation, when the leakage inductance exists on the

secondary side, there is aredlapping period of commutation between the secondary switches
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and their currents, leading to higher losses. In addition, Netahl [141] found that the
secondary leakage inductance causes some other major problems. Firstly, the secondary
leakage inductance adds a virtual gain to the gain curve of the LLC converter and the converter
encounters a neanity gain at tie nominal frequencyr his norrunity gain behaviour can make

it difficult for the control system to achieve stable and precise regulation, as it needs to
compensate for the gain variatior&condly, it limits the current delivered to the load by
increagng the converter output impedance.

It should be pointed out that the insertddint integrated planar transformers can also be used
in other similar topologies like phaséifted fulkbridge converters. Therefore, it is preferred
that the leakage inductanoaly increases on one side and the topology of the converter
remains the same as the original topology (for example, for LLC topologlige2.11) to

avoid unnecessary new analysis and modification for each type of converter.

Finally, as the fourth case study of this thesis, a new stru@trmaed IT4)for the inserted

shunt integrated planaransformers is needed to address the key issue ofseigbndary
leakage inductance.

In Chapter 7a novel topology for the insertathunt integrated planar transformer is proposed
which has low secondary leakage inductance. The inserted shunt of the proposed topology is
not segmental and can be located cometly within the transformer. In addition, the inserted
shunt does not require low permeability core material, simplifying its manufacture. The design
and modelling of the proposed transformer topology are presented and verified by finite
element analysiand experimental implementation. The proposed topology is also compared
with the inserteesegmentakhunt integrated transformer. It is shown that the proposed
transformer provides higher efficiency and lower AC resistance. Finally, to examine the
perfomance of the proposed integrated transformer in practice, it is used in an LLC resonant

converter.

3.2.2.4 Fifth research focusof the thesis: Insertedshunt integrated transformer with
asymmetric primary and secondary leakage inductances for bidirectional LLC
converters
Rapid growth of residential energy storage systems (ESSSs) is outpacing expectations, and these

household systems are becoming important assets. For example, electric vehicles (EVs) with
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vehicleto-grid (V2G) capability can be used as distribute@rmgy assets to provide power to
the utility loads, to reduce grid frequency fluctuations and to absorb excess energy produced
by renewable energy sourcgst3-145]. Therefore, theattentionto energy storage systems

(ESSs) has increased in recent years.

A bidirectional DGDC converter and a bidirectional D&EC converter are usually used in
ESSs to transfer power in both directions between the grid and the batteries. Bidirectional DC
DC converers likewise manage the power flow between@i@zbus and the batteries. The
main focus of these DOC converters is on achieving low cost, high efficiency and power

density, and wide input and output voltage rarj@ds, 147]

Resonant @nverters can provide high efficiency and power density at a low cost since they
benefit from sofiswitching capability and magnetic integration. Therefore, resonant converters
are becoming desirable for DIQC applications like ESS0, 132, 148]

The LLC resonant converter is one of the most popular resonant topologies since it can provide
high efficiency ahigh switching frequenesand can be designed to obtain high voltage gain

at a narrow range of operating frequencidswever, the LLC topology is not suitable for
bidirectional power transfer since the sh(mtagnetising) inductance is effectively connected

in parallel with the chopped battery voltage in regeneration (red@measetion) mode (RM)
meaning that it does not play a role in the resonant tank. The result is that, in RM, an LLC

converter is equivatd to a series resonant converter.

The series LC resonant converter has a different inductive region compared to the LLC
topology and to achieve ZVS it needs to operate at normalised frequencies higher than 1 (i.e.,
1<Q<’Q ), while the LLC topologycan also be switched at ZVS condition at normalised
frequencies higher than the normalised boundary frequency@.e.<'Q<'Q  ,"Q  <1).
Therefore, theefficiency of the series LC resonant converter drops considerably as the
operating switchingrequency drifts away from thesonance frequengcgnaking it unsuitable

for very wide input and output voltage range applicat{@49-151]. In addition, as discussed

at the beginning of this section, the series LC resonant conheddifficultyto regulate the

output voltage at light load$n conclusion, the LLC resonant converter, which is a series LC
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Fig. 3.15 Topology of bidirectional CLLLC resonant converter, (a) withoodgneti
integration, (b) with magnetic integration.

resonant converter in RM, is not suitable for bidirectional power transfer, especially in ESSs

where the voltage variation is significant.

To adopt the LLC converter for bidirectional power transféidaectional CLLLC converter,

which has an extra capacitor and an extra inductor on the secondary side, is profdsd in

The bidirectional CLLLC resonant converter is showirig. 3.15a). In [152], the resonant
components on the primary and secondary sides afahsformer must be symmetrig (

€0 ,0 € 0 ,&¢ 0 T0) and the converter has unity gain. Unfortunately, the unity
gain means the topology is not suitable for applications in which the input and output voltages
vary during power transfer. hls is particularly challenging with battecharging type
applications where the specified output voltage often has a wider range (for example, from
250V to 450 V in vehicleto-grid (V2G) applications)153, 154]
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In [153, 154] a design methodology for@GLLLC resonant converter is presented so that the
converter can operate with wide battery voltage regulation. The converter prop$$8d, in
154]is, like [152], based on the LLC topology with an extra inductor and extra capacitor on
the secondary side but this time the component values can be asyminetricc(0 and

0 ¢ 0 ).In[154], the benefits of asymmetric parameters are discussed in detail and they
are again summarisedfig. 3.16. Fig. 3.16 shows the gain plots, in charging and discharging
mode, of the CLLLC conveéegr in[154], where charging and discharging gains can be defined
asw fw andw fw , resepctivelyFor a given operating frequency range range of
available gains with symmetric and asymmetric primary and secondary inductances and
capacitances are shown. The operating frequency range needed for a desired range of gains is
significantly smaller for the asymmetric design, allowing opation to achieve high

efficiency, reduced current stress and reduced electromagnetic interference.

The CLLLC resonant converter with asymmetric resonant components not only provides the
advantages of the LLC converter but also can provide bidirectiomadrransfer. The CLLLC
converter presented jh53, 154]is therefore a good candidate for battery charging applications

and this topology is used in this thesis.

The topology othe CLLLC converter is shown iRig. 3.15(a). The operation of this converter

is very similar to the LLC converter and therefore it is not presented in this thesis, and for a
detailed discussiotine readecan be referred §d53]. The CLLLC resonant converter benefits

from soft switching capability and can be switched ghhireqiencies, but it needs four
magnetic components including two series inductorsgnd0 ), a shunt inductory( ) and

a transformer, leading to large size and high cost. To increase the efficiency and power density,
and to decrease the costlo converter, these magnetic components should be integrated into

a single tansformer, as shown Fig. 3.15(b).
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Fig. 316 Comparison of gain for symmetric and asymmetric designs, using dat@lfsdin
@aCofor charging mode andD6for discharging mode.

The inserteeéshunt integrated planar transformer is well known because of its manyagksnt

viz precise estimation of leakage inductance during design, capability for achieving high
leakage inductance, the ability to use cores readily available in the market and simple
manufacturingThe inserteeshunt integrated transformers discussecnliteraturereview

and the proposed topologies in Chaptgrand 6 (IT1-IT3) have symmetric primary and
secondary leakage inductances and these inductances cannot be designed separately in these
transformersThe CLLLC converter presented[ib53, 154] and other similar topologies that

need asymmetric primary and secondary resonant inductances could address more application
challenges (especially the ones that require higher power density) if an integrated magnetic

transformer were developed that can pdev nonidentical (asymmetric) primary and
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secondary leakage inductancé&berefore, as the fiftmesearch focusf this thesis, a new
design methodology for the insertsdunt integrated planar transformers is needed that takes
into account the nerentical primary and secondary leakage inductances.

In Chapter 8 a new topologytermed IT5)for the inserteeshuntintegrated magnetic planar
transformeris proposed that can provide nmientical primary and secondary leakage
inductances. In the proposed topology, two magnetic shunts are inserted betweerote® E

and the primary and secondary windings are sepabgtbding placed at different sides of the
magnetic shunts. Commercially available planar cores can be used fecdhestand magnetic
(ferrite) sheets, which are again commercially available, can be used for the shunts, leading to

cheaper and easier mdacturing.

The proposed integrated transformer is analysed in detail and its modelling and design
guidelines are provided. It is shown that the magnetising inductance and the primary and
secondary leakage inductances are decoupled, and they can bangetesaparately in the
proposed topology. This theoretical analysis is verified by simulation and experimental results.
To investigate performance, an exemplar CLLLC converter is designed using the proposed
integrated transformer to provide experimentdidadion of the design process. It is shown

that the implemented bidirectional CLLLC resonant converter operates properly while all its

magnetic components are integrated into the proposed transformer.

3.3 Conclusion

This Chapter introduceithe main issue oPWM converters, which is high switching losses at
high frequencies, artietechniqueshat can be used &ldress this issue weabsodiscussed.
After investigating different methods, we could not find the andwéwo questions in the
literature. Firsguestion: do auxiliary sowitching circuis always improve the performance
of conventional PWM converters in terms of cost, power demsityefficiency? Second
guestion: in general, asglicon-based sofswitched DGDC converters more efficient and/o
more convenient than WB8ased hargwitched DCDC converters, or is the reverse true?

These questions will e research focusf Chapterd.

PWM converters, like the boost converter, suffer filack of softswitching capability and

thus have highswitching losses under highequency operation. Losses are limited by
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constraining the operating frequency, leading to lower power density. Even though soft
switching capability can be achieved by adding an auxiliary circuit to the conventional
topology d the PWM converters, the auxiliary circuit adds complexity and cost (will be shown
in Chapte#). On the other hand, the resonant converters benefit frorswittthing capability
inherently and therefore they could be a more suitable choice for higlefreg and high

power density converters.

It was pointed out thahe LLC resonant convertereeds three magnetic components which
make the converterdés volume | arge. However,
power density when its magnetiomponents are integrated into the transformer. Therefore,
different techniques for magnetic integration were discussed. Amongst different techniques,
the inserteeshunt integrated planar transformer seemed to be an attractive technique for

magnetic integrgon in the LLC topology and therefore it was more investigated.

The current issues of the insergtlnt integrated planar transformers were discudsed.
general, themportant issues of the insertetunt integrated planar transformers are requiring
abespoke material for the shunt, high leakagiiatanceon the secondary side, and they are
not usually suitable to be used in bidirectional converters such as CLLLC converters.
Therefore, fouresearchstudiesto address these issues wsuggested that will bne focus

of Chapters to 8.
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Chapter 4

Evaluation of S| MOSFETs and GaN HEMTSs
In Soft-Switched and Hard-Switched DGDC
Boost Converters

This Chaptercompares sofswitching techniques and WHBSased switches in DOC boost
convertersin the application range of hundred watfBhe performance of four prototypes
including the sofswitched and hardwitched DEDC boostconverters with both statef-the-

art Si and GaN switches are evaluated in terms of cost, power dearsitgfficiency using
theoretical analysis, simulation and exipeental results. It is shown that the Gdldsed hard
switched converter provides higher efficiency and power density but is more expensive than its
Stbased counterpart yet is cheaper tt&basedsoftswitched converteilhis is despite GaN

based switchs being significantly more expensive than their Si counterp@hstefore,

adding an auxiliary circuit to obtain soft switching leads to a more expensive and complicated

circuit and does not always guarantee a higher efficiency.

4.1 Introduction

It is well-known that the volume of passive components is inversely proportional to the
switching frequency. At higher switching frequencies, in addition to reduced passive
component volume, a lowapacitance and loimductance filter can be used which also
enhanceshie dynamic response of the system. However, increases to switching frequency are
limited due to switching device availability (and cost), and also because high frequency

operation increases switching losses considefdfly

Hard-switchedPWM DC-DC converters such as theostconverter play an important role in
renewable energy systems. Research to increase their effieiehigh operating frequencies
is important and can be achieved using-suafitching techniques; however, that approach
requires an auxiliary circuif7, 29-34]. The auxiliary circuit decreases powegnsity and

reliability while increasing the cost. Moreover, ssftitching topologies usually cannot
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improve the efficiency for all power and voltage ranges. Wide bandgap (WBG) devices, such
as gallium nitride (GaN), result in lower switching losses thidloon (Si), can be usetb
enhance the efficienayhile retaining the simple structure of a hawitched topology13].
However, the high cost of these devices is problematic for what are frequentbenstive

applicationsand they cannot eliminate switching losses completely.

Given these isolated studies, we aim to answernipitant question they raise: in general,

are Sibased soft switching DOC converters more efficieandmore convenient than WBG

based hard switched BOC converters, or is the reverse true? For completeness and to set
benchmarks, we also investigate WB&sed sofswitched converters and-Based hard
switched converterd~or a comparison to be meaningful, all four options must use modern,
high-performance devices. The super junction (SJ) Si MOSFET has good performance in terms

of conduction and switchgnlosses and we therefore compare it to WiSed switches.

In this Chapter the performance of four prototypes including two-sefttched and two hard
switched converters, each with either swit¢he-art Si MOSFETs or GaN HEMTs are
investigated in tens of efficiency, power densitgndcost. The topologies are based on the
boostconverter, which is one of the most ubiquitous 4tp@GDC converters available. It is
chosen because of its simple structure and very low ripple input current which is necessary in

renewable energy applications.

The results of this comparison are aate for power levels of a few hundred watts and voltage
levels of a few hundred volts. An exemplary application for this power and voltage range could
be AGphotovoltaic modulefl55, 156]

As two exemplary candidates of witbandgap devices, SiC MOSFETs and GaN HEMTSs are

regarded as the successors of Si devices imggiumto-high-voltage (>1200 V) and low
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Fig. 4.1 Boost convertera) Schematic(b) Key waveforms.

voltage (<650 V) domains, respectivd§3]. Hence, since the voltage ranges of power

switches for the designed converters is low in this work, GaN HEMT is used as WBG. switch

4.2 DC-DC converters

4.2.1 Conventional boostconverter

The conventionaboostconverter, shown ikig. 4.1(a), is used as the benchmark of the study.

It should be noted that the underlying principles which will be applied are ultimately generic
and can be applied to a wide variety of IDC converér topologies.

The operation of thboostconverter in continuous conduction mode (CCM) is investigated in
[157] and the key waveforms over two switching periods are presented.id.1(b). The
boostconverter has two operating intervals in each switching period. In the first interval, the
main switch™Y is turned on and the output dio@® is off; thus, theboostinductor, 0, is
charged by the input source. The second interval starts Whé&nturned off and the output
diode O turns on: the energy stored in th@ostinductor is discharged to the output through
diodeO .
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According to[157], the voltage gain and minimum inductance value obtiestconverter in

CCM operation can be calculated 4slj and 4-2), respectively.

0 — — (4-1)

0 —~ (4-2)

wherew andw are input and output voltages, respectivéyis the duty ratio/Qis the
switching frequency; andl is the output power. The inductor pe@kpeak ripple curreny’Q
can be obtained as

yo X
-

(4-3)

Similarly, peakto-peak ripple othe output voltage can be obtained #y]. In 4-4),6 is the

output capacitance.
YO = (4-4)

The voltage stress (i.e., peak dramurce voltage) of the main switch is equal to the output
voltage. The currents through the main switttha start of the turan (0 0 ) and turnoff
(6 0 $ 4)events are given by{b) and 4-6), respectivelyO is the average of the input

current.

0 ‘0

yQ
C (4-5)

(4-6)

n|é‘
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AssumingO | Y'Q therootmeansquare (RMS) current of the main switch can be calculated

as follows:
0 (e])[¢) (4-7)

The average and RMS current of the output diode can be expresséd)aand 4-9),

respectively.
(4-8)
‘0 0 p O (4-9)

4.2.2 Soft-Switchedboostconverter

Table 4.1 presents some weknown softswitched boost converters against which a
comparison could be made. Inghapter the softswitchedboostconverter proposed {30]

is selected for anal ysi s b exeanedandhas aanunhbkre aut
of useful featuresBoth turron and turroff are soft for both switches. In addition, the
conduction losses from the auxiliary circuit are lower than its rivals. Furthermore, it requires

the fewest componentseducingcomplexity and costits topology and key waveforms are
presented ifrig. 4.2(a) and(b), respectively.

It is worth noting that there are many otheftswitched converters based on theost
converter. However, in order for the comparison made to be fair, it is important that their circuit
topology does not differ significantly from the traditiofalostconverter. For example, there

are many higkgain (andhigh order) boost converters, with and without sedtvitching
capability, which have plentiful applications and frequently higher efficiency as a result of
lower conduction loss because, for a given power rating, their switch currents are lower.
However, such a converter is not comparable to the traditmastconverter. In this study,

the comparison is made with the converteBi], so that the only advantage achieved relates

to reduced switching loss as a result of the soft switching
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(b)

Fig. 4.2 Softswitched boost converter introduced30]. (a) Schematic with differences from
boost converter highlighted. (b) Key waveforms adapted {B%h

The detailed operation of theaden converter is described comprehensive[@@h; only an
overviewis providedn thisChapter As shown irFig. 4.2(a), auxiliary components consisting
of a resonant inductar , a resonant capacitor, and an auxiliary switchy are added to the

conventional structure oflaostconverter.
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Table 4.1 Comparison of welknown softswitched boost converters

Main switch Auxiliary switch

Ref. Conduction

Turn on Turn off Turn on Turn off

losses
[30] Soft Soft Soft Soft Low
[31] Hard Soft - - High
[32] Soft Hard Soft Hard High
[33] Soft Hard Hard Soft High
Number of Number of Number of Number of Common

Ref. auxiliary auxiliary auxiliary auxiliary ground for

diodes inductors capacitors switches switches
[30] 0 1 1 1 Yes
[31] 5 2 2 0 -
[32] 0 1 1 2 No
[33] 3 1 1 1 Yes

The converter has six operation intervals. The main switchs turned on at the zero crossing

of the switch current (i.e. zemmurrent switched, ZCS) because it is in series with the resonant

inductor0 and it is turned off at zero crossing of the drsdirce voltage (i.e. zenmltage

switched, ZVS) while theswitch current flows through the antiparallel diode. The auxiliary

switch,"Y, is turned on at the ZCS condition because of the presence of the resonant inductor
0 andboostinductor and it is turned off at the ZVS condition after the voltage oféeenant

capacitord reaches the output voltage.

The relationships between the voltage gain, minimum inductance value, inductor current ripple,
output voltage ripple, and the average and RMS current of the output diode in this converter
are similar tahe relationships of the conventiomaostconverter. However, the RMS current

of the main switch is given byl{10). The RMS current of the auxiliary switch andhtly

diode can be calculated b4-11); the average current of the auxiliary switch bduble alone
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is given by 4-12). It is worth mentioning that the average current of the body diode of the main

switch is negligible since its current amplitude and-wmrtime duration are very low.

0, e 00 —— (4-10)
Cw "AQ
@] €0 ©
—— 4-11
8 8 % oro (4-11)
0 © 4-12
8 “QQ (412)

In (4-10)-(4-12), subscript m is for main, a is for auxiliary, S is for switch, D is for diode and
sb is for softswitched boost converter, aad is defined as 0 0 and™Qis theresonance

frequency pf ¢ 0 0 . According to 4-11) and 4-12), the average and RMS currents of
the auxiliary components are independent the output power. In addition, the resonant period,

"Y,( ¢“ 0 &)isindependent the switching frequency.

4.2.3 Designcharacteristics of the prototypes

The conventional and seftvitchedboostconverters can be designed according to the methods
proposed if30, 157] and, for brevity, the design considerations of these converters are not
preented in thisChapter Using the relationships provided jB0, 157] four prototypes
including two hareswitched and two seiwitchedboosttopologies were designeuhd their

specifications are presentedTiable 4.2.

Prototypes 1 and 2 are two conventional kewitchedboostconverters while prototypes 3
and 4 ae softswitchedboostconverters. Meanwhile, prototypes 1 and 3 use Si SJ MOSFETs
while prototypes 2 and 4 use GaN HEMTSs. All prototypes use adtdte-art low-loss SiC
Schottky diode foDo. To the extent possible, the rated voltage eundent of all devices are

similar, and eeh device is statef-the-art in its category, to provide a realist@mparison.
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Table 4.2 Parameters of prototypes4l

Proto Output Input Output Switching Boost Resonant

type power | voltage | voltage | frequency | Inductor Inductor
1 500 W 100 V 400V 200 kHz 375 ¢ -
2 500 W 100V 400V 200 kHz 375 ¢ -
3 500 W 100 V 400 V 200 kHz 375 ¢ 2 ¢H
4 500 W 100 V 400V 200 kHz 375 ¢ 2 ¢H

Proto Output Resonant ) _

type Capacitor capacitor swieh Dlode
1 4. 7 ¢ - IPW65R150CFDA SCS220AG
2 4.7 ¢ - GS66506T SCS220AG
3 4 . 7 ¢ 9.1 nF IPW65R150CFDA SCS220AG
4 4. 7 ¢ 9.1 nF GS66506T SCS220AG

This research was conducted in January 2020, and it is possible that new semiconductor devices

with similar or better characteris and performance might become available in the future.

4.3 Comparison

In this section, the prototypes are compared and evaluated in terms of efficiency, power density

and cosusing simulation results artdeoretical analysis.

4.3.1 Power loss analysis

The relationship in4-13) is used for efficiency calculation. The losses of the components are

obtained based on the losses calculation procedure prese[8etiS8].

(4-13)

Chapterd

89



Sajad Ansari Soft-switching vs WBG Devices

In considering the power losses of each converter, the switch I&®ses (), diode losses
(B0 ), capacitor losseB(@® ), and inductor losse8@0 ) are considered. The power

losses of a converter can bletained by 4-14).

C
(]
C
Ca
Ca

(4-14)

The losses from the diodes can be obtained frbh5], wherew and'Y are the forward

voltage drop and series resistances of the diodes, respeanel® andO are

avelage and RMS currents of the diodes, respectively. To simplify the analysis, reverse
recovery losses associated widh are neglected since they have negligible influence on the

power losses when a SiC Schottky diode is (i£88l].
0 Y O AYe) (4-15)
The power losses of tlevitches§ ) can be calculated by{16).

5 5" i 5" (4-16)

The power losses of the switches include three terms. The first term is switching losses which
can be calculated frord{17). In thisequationY® isthechange in draisource voltage)
is the current rise time plus voltage fall time, @&nd; is the current fall time plus voltage rise

time.

f Y% 0 o, O 0 50 (4-17)

Ca

The second term is the conduction losses. These losses occur in the switch channel when the
current is positive, and in the body diode when the current is negative. The conduction losses

of switches can be calculated 4s1Q).
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o" Y 0 ; 0 (4-18)
where'’Y is the onstate resistance of the power switchi®s, is the RMS current
of the power switch when the drain current is positive, and is losses of ts

antiparallel diode when drain current is negative.

The third term is the gate drive losses which depends on total input gate charge of the switch
0 , switching frequenciQ) and the voltage applied to the gate driserand can be calculated
accordng to é-19).

0" A b (4-19)

The losses of the capacitors due to their equivalent series resisiafcas (be calculated by

the following relationship wher®© is the RMS current through the capacitor.

0 i 0 (4-20)

Losses in the inductors result from ohmT)cF( ) and core losses. The ohmic losses of the

inductors can be calculated ds21).

CA
=y
@)

(4-21)

where,O is the RMS current of the inductor andis the equivalent series resistance of

the inductorinductors also suffer edelyurrent and hysteresis loss, which depend on the type
of core and ripple of flux density and can be calculated fratastheet.

The simulated efficiency curves for each of the considered topologies is shown versus output
power and switching frequency Fig. 4.3 (a) and (b), respectively. To obtain the losses
accurately, all designed converters have been simulated in similar operating conditions
indicated inTable 4.2. Since inductor design has a large influence on cost, volume and

efficiency, the inductor was optimised for each switching frequency. Each design uses a
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Fig. 4.3 Efficiency comparison(a) For different output powerg¢b) For different switching
frequencies at nominal specifications. Case Temperatur25°C,i =15mY | =15
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powder core and the design process and core selection was performed using the procedure laid

out in[160], and the closest commercially available option was chosen.

In addition, the simulation is conducted in MATLAB/Simulink to obtain the voltage and
currents requiredor the loss modelling present@dequations (415) to (421). Then, using
the parasitic resistance, capacitance, and inductance values of components, which can be

obtained from their datasheet (presentedrFig. 436 s capti on) , t he powe
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component is calculated. Finally, the efficiency of each converter can be determined using
equations (41.3) to (415).

The power losses and efficiencies aalculated for each data point using data provided in the
component s ®he D@lbsses df thesirtdwctors are calculated ush2g YAwhile their
core losses are determined based on the method outlined in their datbébedtoreover,

the AC losses are neglected in this analysis. Theoliiz wire for winding the inductors
provides reasonable accuracy for this asgionpSince only the current and voltagetbé

components were required, a SPHyRe model was unnecessary.

As shown inFig. 4.3(a), prototype 2, the harswitchedboostconverter in which the GaN
HEMT switch was used, provides the highest efficiency while prototype 1, thel#&s&i
hardswitchedboostconverter is ranked second. However, the-seftchedboostconverters
(prototypes 4 and 3), which are based on GaMMENnd SJ Si MOSFET, are surprisingly

ranked third and fourth, respectively.

Since prototype 4 uses GaN switches with lowerremistance, it has a better efficiency
compared to prototype 3. To explain why, perhaps counterintuitively, the efficiencg of th
hardswitchedboostconverter is higher than its seftvitched equivalent even though both use

similar semiconductors, we consider the following:

1) In high-gain and higipower DGDC converters, conduction losses are usually the
dominant losses. Therefora this case, since the power and input current of the converters
are large, the influence of the switching losses is lower than the conduction losses.

2) The higher the input current, the more conduction losses there are in the auxiliary
componentbecausehe resonant current should be able to reduce the main switch current
to zero Hence, even though this ssfwvitched converter has low conduction losses at low
power and low gain applicationgts conduction losses at high gain and high power
applicationsare higher than a comparable hawdtched converter.

3) There is a resonant inductor in the auxiliary circuit which suffers significant core loss at
high frequency and high current ripple.
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It is worth noting that the parasitic capacitances of the-hidtagerated (>400V) switches

and diodes are about ten times higher under very low-dairce voltage (<10V) that at rated
voltage. Therefore, in sefiwitched converters in which switches and diodes are sdtch
under ZVS conditions, the parasitic capaedes are high, in the nanofarad rafigel]. The
parasitic capacitances of the semiconductors, PCB tracks and passive components usually
cause hig frequency voltage oscillation across the semiconductor devices of the converter. In
very low voltage converters (<50V), the amplitude of this oscillation is also low; however, it
becomes significant at high voltage, which increases the losses of tlegtegraspecially core

losses.

To show the effect of high parasitic capacitance on the operation of the converter, the
simulation results for the voltage and current of the switches in thewibéhed converter

with Si SJ MOSFET¢prototype 3, presented Table 4.2) when the components are ideal and
nonideal are shown ifrig. 44 and Fig. 4.5, respectively. As shown in these figures, the
parasitic elements have a noticeable influence on the coperation and hence efficiency in

the high power and voltage ranges.

According to 8-11) and 4-12), since the resonant current is relatively loatependent and

its losses are neaonstant from low power to high power, the efficiency of the-seftcheal
converter decreases at light power. Hence, thessafthed topology can only provide high
efficiency at nominal load condition. Accordingly, in PV systems and other applications where
input or load variation is considerable and hence operation wégrfeom the nominal design,
boost converters featuring auxiliary circuits have reduceiability due to the detrimental

effects of currents circulating in their auxiliary branch.
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Fig. 4.4 Simulation results of the ideal seftvitched boost converter. (8 Q ,w g ,
Wg .OQQ,0g,w 5.

The efficiency of the GaNvased hargwitched converter (prototype 2) is higher than SJ Si
based hargwitched converter (ptotype 1), not only because the GaN switch has lower
switching losses, but also because the switch benefits from lower conduction losses due to
lower onstate resistanc&ince the GabPbased hargwitched converter does not have any
auxiliary circuits itsefficiency does not decrease at low powers, but actually increases due to
lower conduction losses. Hence, this converter is suitable for renewable energy applications

such as APV module systems.

In Fig. 4.3(b), the simulated efficiency of the each considered topology operated at different
switching frequencies at nominal specifications are ptedehe efficiency of the hard

switched topologies decreases with higher switching frequency as expected. In addition,
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Fig. 45 Simulation results of the nedeal softswitched boostonverter. (a)Q, Q ,
Wg ,Wg .BQUQ,wg,0g .

because the GaNased switches have a reduced switching loss comparet&s&l switches,

the difference in efficiency between Gdidsed and Shased hargwitched converters
increases as the switching frequency increases. For example, at 100 kHz, the difference is 0.5%
while it is 1% at 400 kHz.

One might predict that the influence eWwitching frequency is lower for sedwitched
converters. However, for the aforementioned reasons, the dominant losses in microinverter
applications are conduction losses, and, since the resonant peswaitching frequency
independent and does not dease with switching period, the conduction losses in the auxiliary
components increase at higher switching frequency. In addition, the core loss of the resonant

inductor increases noticeably as the switching frequency increases.
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Input Voltage=100V, Output Voltage=400V, Switching Frequency=200kHz, Output Power= 500
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Fig. 4.6 Loss distribution of the convertef¥.=25°C,i =15 im¥1l5 mY,
Core (T1578),i =6 0 ®HM¥1Ai =10 .mY

The loss distributions of alhe prototypes at nominal specifications are illustrateBig 4.6.

It can be observed that thel@ised hargwitched converters have thighest switching losses;

the switching losses of the safivitched converters are negligible. However, the seftched
converters suffer from higher conduction and core losses since they have auxiliary switch,
capacitor, and inductor. In spite of lowlwa of the resonant inductor, it has high core losses

because it is in series with the main switdhich experiences high current ripple.

Although the sofswitched converter has lower switching losses than a-3witdhed
converter which uses a staikthe-art power switch, it has lower efficiency and it cannot
provide high efficiency for light load rangeBherefore, on efficiency alone, the Galdsed
hardswitched converter is a better choice for applicatianshich the power is not constant

and vaies
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4.3.2 Power density analysis
In this section, the volume of the components used in implementation of the converters,
including capacitors, inductors, switches, diodes, gate drivers and heatsinks are compared. In

order to simplify the analysis, the volumkcontrol system and PCB layout are not considered.

In order to provide a fair comparison, the design power of each of the converter$\is Blo@
volumes, which will be presented kig. 4.7(a), are therefore inversely proportional to the

power density and are themselves an indication of performance.

The following relationship is used to calculate the minimum thermal resistancerefthieed

heatsink’Y , for each device.

Y - YooY (4-22)

where,0 represents the losses of the deviyds ambient temperature (assumed in this work
to be 25°C);Yis junction temperaturé( is junctionto-case thermal resistance, avid is the
caseto-heatsink thermal resistance. In cases where no heatsink is required, the junction

temperature of the device can be calculated frb213).

Y OY Y (4-23)

In this equationY is junction to ambient thermal resistance. Assuming the use of SIL PAD

TSP 1800ST insulating pdd62], the cas-to-heatsink thermal resistan®é for the output

diode, GaN HEMT and SJ Si MOSFET q®, Y&, andt® XW/°C, respectively. Note that,

since the GaN HEMT switch has the smallest contact area, itstaehsatsink thermal
resistance is thedargest The losses of the output diode in all prototypes at nominal
specifications are around V8 therefore, according td{23) the output diode does not require

a heatsinksince its junction temperature does not exceed the maximum tolerable value
However, it mght need a heatsink in higher power ranges (v Tico). The values oY and

“Yfor all semiconductors are given in their datasheets. The power losses of the main switch in

the Si MOSFETbased and GaN HEMlased hargwitchedboost converters at nominal
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specifications are 9W and 5.9V, respectively. According to422), the main witches of
GaN-based and Svased hargwitched topologies each need a heatsink Withlower than
13.4W/°C and11W/°C, respectively. Therefore, the Fischer Electronic SK 55275AL and SK
55250AL heatsinks are selected for the main switches of the yye®l and 2, respectively.

In prototype 3, the losses of the main and auxiliary switches at nominal conditions are about
10.6 and 6.8V, respectively. Hence, since the main and auxiliary switches need a heatsink
with Y lower than 9.5 and 16 MW/°C, repectively, the Fischer Electronic SK 55275AL and

SK 55225AL heatsinks are selected for the main and auxiliary switches, respectively. Finally,
the losses of the main and auxiliary switches in prototype 4 are 6.9 awf Be3pectively.

Thus, since the maiand auxiliary switches need heatsink with lower than 8.8 and
14.3W/°C, respectively, the Fischer Electronic SK 552100AL and SK 552&7heatsinks

are selected for the main and auxiliary switches, respectively.

The volume and power density afl the converters are compared kg. 4.7(a) and (b),
respectively. Sofswitchedboost converters have the larger volume. The volume of their
control system and PCB layout are larger, however, even without considering them, the hard
switched converters still have lower volume than the-switched topologies. As shown in
Fig. 4.7(a), the GaNbased hardgwitched converter (prototype 2) is the smallest converter.
Despite the higher cade-heatsink thermal resistance of the GaN HEMT compared to the SJ
Si MOSFET, it requires a smaller heatsink since it has far lower losses. Howeher soft
switched prototypes, the Gabdased topology (prototype 4) needs a larger heatsink than-the Si

based topology (prototype 3) because the difference between the switctatessesll.

The GaN HEMTbased hargwitchedboostconverter thus has a et power density than the
SJ Si MOSFETbased soft switchingoostconverter. It is therefore a better choice for-R&

module applications in which a BBC converter is needed for each PV module.
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Fig. 4.7 Comparison between girototypes. (a) Volume. (lHower densityd=0 =T157
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4.3.3 Cost analysis

In this section, the costs of the all prototypes are evaluated based on the average price of their

components in the main international distributors of electronic compdi&3t4 65].

According to the components used in power density subsection, the cost of all components and
converters are presentedTiable 4.3 andFig. 4.8, respectively. It has to be mentioned that

this analysis is provided in January 2020, and these pmiegshave changed sincBower
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switches, capacitors, inductors, gate drivers, heatsinks, and diodes are considered, and to
simplify the analysis, the eb of PCB, inductor winding and control system are neglected. As
shown in theFig. 4.8, the GaN HEMThased hargwitched converter (prototype 2) isE&7

more expensive than SJ Si MOSF&dsed hargwitched converter (prototype 1). However,

even though GaN switches are far more expensive than SJ Si switches, the Gabbaded T
hardswitched converter is still cheaper than the-safitched convertersE8 cheaper than
prototype 3 and £24 cheaper than prototype 4). It is worth noting that the technology of Si and
GaN switches are not equally mature and this cost gap may close in the future. The cost of the
control system and PCB layout for the seftitched converter is likely higher than for the
hardswitched converter, but even neglecting this, the cost of thelfaadd hardwitched
converter is lower than the seaftvitched topologies. The Galbased hardgwitched topology

is therefore a better choicerfrienewable energy applications like AL/ module systems in

which cost is critically important. However, considering cost alone, thesvatdhed topology

which uses SJ Si switches is the best choice since it has the lowest cost presently.

Table 4.3 Component costs

Component Cost (£) Supplier

IPW65R150CFDA 4.25 Mouser Electronicfl63]
GS66506T 14.85 Mouser Electronic§l63]
SCS220AG 7.86 Mouser Electronic§l63]
WIMA FKP2J014701100HSSD 0.47 Mouser Electronic§l63]
SI8261BAGC-IP 2.10 Mouser Electronic§l63]
KEMET ESH475M450AH2AA 0.43 Mouser Electronic§l63]

SK 55225AL 0.26 Anglialive [164]

SK 55250AL 0.42 Anglialive [164]

SK 55275AL 0.45 Anglialive [164]

SK 552100AL 0.49 Anglialive [164]

SK 552375AL 0.28 Anglialive [164]
T-157-8 6.5 Pace Componenf$65]
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Fig. 4.8 Cost comparison for all prototypes.

4.3.4 Final remarks

According to the aforementioned results, it is clear that the GaN HEM&d hargwitched
converter has a bettperformance in terms of efficiency and power density compared to Si SJ
MOSFET-based hargwitched topology and soft switching topologies. However, this
converter is more expensive than Si SJ MOSBE3ed hargwitching topology, but is less

costly than eher softswitched topologs.

Finally, the results of this comparison are accuratdbémst DGDC converters wittpower
levels of a few hundred watts and voltage levela feiv hundred voltsTherefore, changing

the topology and specifications of the converter teag todifferent results.

4.4 Experimental results

In order to confirm the theoretical analysis and simulation results, all four prototypes were
implemented and compared using experimental results. The laboratagyisethown irfig.

4.9. The DC link voltage is kept constant at 100 V by a DC power supply and a power analyser
(Yokogawa PX8000) is used to measure the efficiency of the converters. AnbaRad

microcontroller STM32F407VGTx discovery bdas used to generate the gating pulses with
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Resistive Load

Hard Si] [Hard GaN]| Soft Si

Fig. 49 Experimental setp.

appropriate duty ratio for the switches of the converters. The load includes a constant resistance
(150 q) in seriexcawi tbe & hamgedt g trtoanh aldj ugs tt ¢

output power of the converters.

To maximise the performance of the converters, some of the design techniques implemented

in this setup are presented as follows. First of all, the earth tracks are plaosetiately

below the supply tracks on the PCB to decrease the stray magnetic flux and reduce EMI due to
leakage inductance. Secondly, small film capacitolss L) ar e pl aced near t .
create a low impedance path for the switching signalstrendate drivers are placed as close

as possible to their switches. Thirdly, the effects due to stray electric and magnetic fields are

reduced by minimising the length of tracks. In addition, the heatsink is connected to the
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Fig. 4.10 Experimental resultsd, ® g ,® g , andQ in (a) prototype 1, (b) prototype -

undersideof PCB such that it does not act as a volkidgeen antenna. Finally, the initial

temperature of the heatsink was 25°C.

The output voltagew, the drairsource voltagew g , drain current;Q and gatesource
voltage of the main switchy g in Sibased and Galdased hargwitchedboostconverters

are shown irFig. 4.10(a) and(b), respectively. The switching frequency is 200 kHz, output
power is 500 W, and output and input voltages areM@fd 100 V, respectively. The main
switches of the both converters are turned on and off at the hard switching condition which

causes switchiplosses.
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Fig. 4.11 Experimental resultsy, ® g ,® g , andQ in (a) prototypes, (b) prototypet.

The output voltagep, the drairsource voltagew g , drain current;Q , and gatesource
voltage of the main switchy g in Si-based and GaN based ssftitchedboostconverters

are illustrated inFig. 4.11(a) and (b), respectively. As shown iRkig. 4.11(a) and (b), the
operation of the soféwitched and ha-switchedboost converters are the same in general,
since theboostinductor is charged by the input source and then discharges to the output. In
addition, it can be seen that, in prototypes 3 and 4, the switches are switched at soft switching
conditions(they are turned on at ZCS condition and turned off at ZVS condition), which makes
their switching losses negligible. In addition, as predicted in seeti8n the parasitic

components causes a high frequency oscillation in the circuits, especiallySaiogMogies.
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Fig. 4.12 Experimental efficiency comparison. (a) For different output powers. (b)

different switching frequencies at nominal specifications.

The efficiency of all prototypes versus output power and switching frequency are measured
and compared ifig. 4.12(a) and(b), respectively. In addition, the predicted efficiency of the
prototypes calculated by the simulation results are shown with dotted kig. #h.12(a) and

(b). The experimental results confirm the efficiency comparison providédgind.3. The
difference between the measured efficiency and the theoretical prediction ranges from 1% in

the hardswitched topologies to about 3% in the softitched topologies.

106 Chaper4



Soft-switching vs WBG Devices Sajad Ansari

There are a number of factors which explain these discrepartgretly, the parasitic
resistances, capacitances, and inductances of the paths in the PCB layout were not considered
in the theoretical analysis due to simplification and their negligibéze8econd, the variable
nature of the switching frequency, whose experimental value is sensitive to unmodelled
parasitic elements, does not result precisely in the expected theoreticallViw@mponent
characteristics, sourced from the datasheetsuard for theoretical analysis, are subject to
tolerance and voltageand temperaturdependencyespecially for their parasitic elements
Moreover, even though the switching losses are neglected in thensiotied topologies, they

are not eliminated cophetely. Furthermore, as mentioned in sect#B, the parasitic
capacitors have an important influence on the operation of theswgidéhed converter,
especially conduction and core losses.

By using the exact SPICE models of components amlucting SPICE simulations, it is
possible to reduce discrepancies in the reddtisiever, even considering these discrepancies,
the experimental results still confirm the predicted efficiencies provided in sé&c8#onAs
predicted in the theoreticahalysis, the Gafdased hargwitchedboostconverters is the most
efficient while the Sbased sofswitchedooostconverter has the lowest efficiency. In addition,
the Stbased hargwitched converter and Gabased sofswitched converter are ranked
secad and third, respectively. All the aforementioned explanation&itpr4.3 provided in
sectiond.3.1 remain valid foFig. 4.12 and so are not repeated here.

The power density and cost comparison provided in sedi®are based on the experimental
resultsandare not subject to experimental validation, as deteisdimensions and pridist

values are not prone to experimental variation.

4.5 Discussion and conclusion

In this Chapter, to investigate various methods used to decrease the switching losses-of the DC
DC converters, four prototypes are implemented and evaluated. These were: ivaitcaet

DC-DC boostconverter which uses a staiethe-art SJ Si MOSFET;)2a version of prototype

1 using a GaN HEMT power switch; 3) a fully seftitched DCGDC boostconverter based on

SJ Si MOSFET,; and 4) a GaN HEMT version of prototype 3. All the prototypes were simulated

and testedexperimentallyunder the same operatingrditions to compare their efficiency,
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power density and cost when they are designed to be used in renewable energy applications

such as AGPV module systems.

The GaNbased hargwitched converter can provide the highest efficiency from light power
(100 W) to nominal power (500 W) range, andifised hardgwitched converter is ranked
second(seeFig. 4.12). However, the GaMNvased and Shased sofswitched converters hold

the third and fourth rank, respectively. In addition, the efficiency of thessofthed
converters decreases noticeably at light power range; thus, they are not a good choice for PV
systems in which power range varies across houwtsaasons. Furthermore, it is shown that

the GaNbased hargwitched converter occupies the smallest volume.

The Stbased hard switching is the cheapest converter, and theb@sedd hard switching
converter is ranked second. However, the Galed hardwtched converter remains cheaper

than Sibased sofswitched converter, even though GaN switches are far more expensive than
Si switchesThis cost gap between Si and GaN switches may close in the future. Overall, since
using GaN in DEDC convertes does ot alter the simple traditional, simple structure of the
converter and has better performance in terms of power density, cost, and efficiency than the

soft-switched converter, it is a better choice for renewable energy applications.

Last and most importat it is clear from the results that adding an auxiliary circuit to obtain
soft switching for PWM converters leads to a more expensive and complicated circuit and does
not always guarantee a higher efficiency. In addition, WBG devices cannot elimiratarsyvi
losses and therefore at the operating frequencies in MHz,rBNg®! converters will suffer

from high switching losses even when they use WBG semiconductor déMiegsfore, the
remainderof this thesisfocuses on resonant converters whidbenefits from soft switching

capability inherentlyandare a better choice for higiower density and efficiency applications
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Chapter 5

Fully -Integrated Planar Transformer with a
Segmental Shunt for LLC Resonant Converters

This Chapterpresents two topologiefermed IT1 and IT2)which provide high leakage
inductance for shuntinserted integrated magnetic transformers. These differ from
conventional designs by replacing the lparmeability magnetic shunt of a planar
transformer with higkpermeability magneti shunt segments, separated by many small air
gaps. This approach results in a shunt with the same bulk permeability as the conventional
design, while using lower cost and readily available magnetic materials such as ferrite. A
modellingand design approdg which can estimate the leakage and magingtinductances
precisely is provided for each topology. Theoretical analysis is presented and verified using
finite-element analysis and experimental implementatidd.résistance analysis for both
transformer topologies is also presented. In addition, an LLC resonant converter is built to
verify the performance of the proposed filltegrated magnetic transformers in practice. It

is shown that the proposed topologiesantegrate all three magnetic components of an
isolated LLC resonant converter in a single planar transformer, which reduces the converter's

volume and cost.

5.1 Introduction

PWM converters, like thiboost converter, suffer from the lack of ssititching cgability and

thus have high switching losses under highguency operation. Losses are limited by
constraining the operating frequency, leading to lower power ddBsity66] As shown in
Chapter 4even though sofswitching capability can be achieved by adding an auxiliaryitircu

to the conventional topology of the PWM converters, the auxiliary circuit adds complexity and
cost[6, 7]. On the other hand, resonant converters providessafthing capability inherently.
Hence, resonant converters can achieve high efficiency at high switching frequency and are a
good choice for the applitans in which high power density alongside high efficiency is

needed.
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Fig. 5.1 Topology of the hatbridge LLC resonant convertgn) without magnetic integratic
(b) with magnetic integration.

The LLC topology is one of the most popular amongst resonant converters and has been used
in many application$150, 151, 167] An isolated LLC resonargonverter,which is again

shown inFig. 5.1(a), uses three magnetic componentshant (or parallel)nductor, a series

(or resonant) inductor and a transformer. In order to decrease the volume and cost, and increase
the efficiency othe LLC resonant converter, all three magnetic elements are usually integrated

into a single magnetitansformer as presentedhig. 5.1(b).

Thereare many methods, which can be used to integrate the magnetic components of the LLC
resonant converterAmongst them, the inserteshunt integrated transformer has @ain
popularity recently12, 130,134, 135Jandis chosen to be further investigated in this thesis.

Inserting a single piece lepermeability magnetic shunt in a planar transformer enhances the
leakage inductance and makes the estimation of its value more accurates logzatlsuffers
from some disadvantages. The magnetic shunt must have a specific and unusually low

permeability. Suitable magnetic materials are not often readily available, and when they are,
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Fig. 5.2 The proposefive-segmenshuntinserted integrated magnetic transforrgiéd.).

they are frequently expensive. In addition, these p@nmeability naterials are often found
only in limited sizeqd135, 137, 138]Furthermore, the loywermeability magnetic shunt has
temperatureependent permeability, leading to retable leakage inductance

To address these issues, two new structiteesied IT1 and IT23hown inFig. 5.2 andFig.

5.3 are proposeth this ChapterThese structures are formed by interleaving highly permeable
ferrite with thin plastic spacers to forraggmental magnetic shunts. This design approximates
the lowpermeability material if12, 130, 134]its permeability is modulated bi ratio of
ferrite-to-spacer length. The design is more economical because ferrite is widely available in

the market with different sizes and for lower price.

Both of the proposed structures are analysed and their modelling and design guidelines are
provided in detail. The theoretical analysis is verified by fh@tlement analysis (FEA)
simulation and experimental results. The AC resistance for the proposed structures is also
discussed. Furthermore, an LLC converter is implemented to investigate thiemaerée of

the designed fullyntegrated magnetic transformers. It is shown that this LLC converter works

properly while all of its magnetic components are integrated in the proposed structures.
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5.2 Proposedintegrated magnetic transformers

The structures ahe first and second proposed integrated transformers are sh&ign 2
andFig. 53, respectively. Subscriptandt mean fivesegment and twsegment, respectively.

As shown inin Fig. 5.2 and Fig. 53, a segmental magnetic shunt is inserted between the
magnetic cores of a planar transformer in both topologies. The magnetic shunt of the first
(termed IT1)and secondtermed IT2)topologieshave five and two segments, respectively.
For both topologies thprimary and secondary windings are separated by being placed at
opposite sidesf the shunt. A lumped parameter magnetic equivalent circuit is superimposed
on the transformer geometry to shthe locations of the core, shunt and air gap reluctances,
and the winding magnetomotive force (MMFs). The modelling of the proposed topologies is

discussed in the followingections

5.2.1 Relationship between magnetising and leakage inductances
From (259) and (261), the total leakage inductanoéa transformereferred to the primary

sidemaybe obtained as {5).

0 cO cO (5-1)
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5.2.2 Five-segment magnetic shunt

The topology of the integrated transformer based on aséigenent magnetic shu@il) is

shown inFig. 5.2. The shunt incorporates four equal veatiair gaps withlengthb ( nb. of 6
refers to five segments) to achieve same bulk permeability as the conventional design with the
low-permeability shunt. In addition, the horizontal air gaps between the cores and shunt are
assumed equal with the lendth . The reluctance model of this topology is presentdtign

54(a), where1 |1 andT are airgap reluctancesy ,T andT  are core

reluctances and | andT  are shunt reluctances. These are obtained as foflows:

T e 52
tt(bl') ( )
T b 5-3
tt(i)l') ( )
T e 54
556 (-)
T 0 55
¢ ' WL (55)
®w /b
T — (5-6)
OV
T 0 57
ctl ) (-)
T e 5-8
O /b 0 b (5-8)
T e 59
‘0 Jb v Jb (5-9)
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/b
K ¢ /b U0 b (5-10)

where' is the permeability of the air and and’  are the relative permeabilities of the core
and shunt, respectively. is the core effective crossectional area and the definition of other
guantities can be found kig. 5.2. Hurley, et al, [168] showed that an effective cressctioal
area of the air gap with dimensiarby b are equal tog+g) by (b+g) when the fringing effect

is considered angdis the length of the studied air gap.

The reluctance model of the topology with a fsegment shunt is shownhig. 5.4(a). Circuit

analogue analysis allows mutual flux of the fsegmentopology,%. , to be calculated as

cO Q71 T
%o (5-11)
T T CT CT

whereT is an equivalent reluctancefined as

T T T GT T T ¢ ¢ (5-12

By substituting(5-11) into (2-56), the magnetising inductance of the fisegment topology,

0 , may be calculated usir{§-13).

DT T
o cv S (5-13)
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Fig. 54 The reluctance model of tiproposed segmental shtinserted integrated magne
transformers. (a) Fiveegment topolog{iT1). (b) Twosegment topologyT?2).

From (2-57) and the reluctance model presented-ig. 5.4(a), the selinductance of the

primary winding of the fivesegment topology) , may be calculated usir{§-14).
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0 T T T
0 S S (5-149)
T 7 cT cT

Applying (5-1), (5-13) and(5-14), the total leakage inductance caused by the shunt and referred

to the primary side of the fiveegment topology) , may be calculated usir{§-15).

" 10
(VA (5-15)

Therefore, fron(5-13) and(5-15), themagnetising and leakage inductances can be calculated

for the design of the transformer.

5.2.3 Two-segment magnetic shunt

An alternative approach uses a taggment shunfiT2) and the topologyof its integrated
transformer is shown ikig. 5.3. This topology benefits from fewer segments which makes

the implementation easier. However, in this topology, the entirety of the window area cannot

be used for windings and the distancenssn windings and shunt is reduced, which leads to

higher eddycurrent losses in the windings as a result of the fringing effect. The magnetic shunt
includes two identical segments and there are air gaps between each segment and the cores
with length/b ( n b . 60td refers to two segments). | n
between the top and bottom cores with len@th. The reluctance model of this topology is
presented irFig. 5.4(b), whereT ,T andT are air gap reluctances, ,T and

T  are core reluctances and  is shunt reluctance and they may be obtained as foHows:

T 5-16

‘ ‘(:)U ( )

I 5-17)
WL (
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T b 5-18
. ] 6 ( a )

®w b
T — (5-19

oOVuv
T b 5-20
“® /b 0 Jb (520
T /b 5-21
0 b 0 Jb (5-21)

/b

T — - (5-22

According to the reluctance model of the topology with a$&gment shunt presentedHiy.

5.4(b), the mutual flux of the twgegment topologye , may be calculated usir{§-23).

¢cO OT T T

%o (5-23)
T 7 | T T
whereT can be defined as
T T T CT T T (5-29)

andT ,T ,T andT are defined as

T CT (5_25)
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q
q
CT CT (5-26)
T 07
'|' —
. ¢T 71
QT CT (5-28)

By substituting(5-23) into (2-56), the magnetising inductance of the ta@&gment topology,
0 ,is

0 T T T
0 S (5-29)
T 71 CT T T

From @-57) and the reluctance model presented-ig. 5.4(b), the selinductance of the

primary winding of the twesegment topology) , is

0 (5-30)

From(5-1), (5-29) and(5-30), theleakage inductance caused by the shunt and referred to the

primary of the twesegment topology is

10
0 (5-31)

Therefore, fron(5-29) and(5-31), the magnetising and leakage inductances can be calculated.

5.3 Leakageinductance caused by window area and windings

The total energy stored in the leakage inductaidbe proposed topologiemnsists otthe
energy stored in the wind®mreaof the cors and the primary and secondary windiraysl
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flux conducting througlthe inserteeshunt (including its air gapsCareful calculation of the

total leakage inductance is needed for accurate modelling of the proposed topologies.

Fig. 5.5 shows a crossection of the righhand side of the transfornsadivided into several
regions contributing the stored energy by the leakage inductanceriflagypwinding consists
of 0 turns and is constructed frain layers each witfQ turns ( Q¢ ). Each primary
winding layer has a heighl2 and an associated insulating layer with a hei@ht Similar
notation is used for the secondary windi)g, Q¢ , with each layer having a heigk and
insulating layer heighy . RegionsO andO refer to the energy stored in the primary and
secondary windingO is the energy storeth the proportion of the winding window not

occupied by thevindingsand shunt

Assuming the permeability of the core is very high then any energy that is stored in the
transformer must be located outside of the c®te total leakage inductance, , may be
obtained by5-32).

alhe

& "Gl go 0 (5-32)

wherew s the total volume with a cros®ction consisting of the window area and the shunt,
"Qis the primary currentj is the flux density an@®is the magnetic field intensity. The MMF
of each layer of the primary winding, , may be obtaineddm (5-33), where'Q is the number

of turns in each layer of the primary winding.

Q0 (5-33)

If ¢ and¢ are defined as the number of layers of the primary and secondary windings,
respectively, the MMF within the window area, ,is¢.  and the magnetic field intensity

within the air aredO , may be obtained by the following equation.
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Fig. 5.5 MMF distribution of the proposed integrated transformerd=ifg-segment topolog
(IT1). (b) Twosegment topolog{T?2).

(o JE— (5-34)

In addition, from(5-32), the energy stored in the &, , (the area 00 is shown inFig. 5.5)

may be obtained as follows:
: P, . =~ v~ R
@] E 0 W O Aw (5-35)

wherel is the core deptindw andw are the distances between the primary and secondary
windings and the shunt for the faeegment topology shown Fig. 5.5(a), respectivelyw
andw are the distances between the primary and secondary windings and the shunt for the

two-segment topology shown kig. 5.5(b), respectively.

From (5-34) and(5-35), the energy stored in both windows (left and right windows of an E
core)of the fivesegment© ) and twesegment topologie$) ) may be obtained bip-36)

and(5-37), respectively.
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¢ QQ
) C0 — 0w W (5-36)
W
o .« gtoo. .
v @@ (5-37)

The energy stored in the primary and secondary windings, which is the energy stored in the
PCB layers of the planar transformer, can be obtained according to theddliBution
presented iffrig. 5.5[129, 130, 134]Ouyang, et al,[129] showed that it may be calculated as

follows for primary and secondary:

: P, 0 . i~
—-A +—0Q Qe Q
@] A Q ce o€ € Qe (5-39)
~ P U L b~
@) 5A -d)—Q Q@ ¢c& o¢ € ¢Qe Q (5-39)

In (5-38) and(5-39), the thickness of the PCB layers of the primary and secondary windings
are shown byQ and'Q, respectively, and the thickness of insulation layers of the primary and

secondary windings are shown'y andQ , respectively.

From(5-15), (5-31), (5-32) and(5-36)-(5-39), the total leakage inductance of the fsegment
and twesegment topologies may be obtained®y0) and(5-41), respectively.

0 10
] ¢ U -— W w
w T CT CT
0 .
8. -— Q¢ Q ¢t o R Qe
o - € (5-40)
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Fig. 5.6 The calculated leakage and magnetising inductance valu€svéaegment topolog
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The calculated leakage and magnetising inductararethé fivesegment and tweegment
topologies are shown iRig. 5.6(a) and(b), respectively. It is clear that the magnetising and
leakage inductances are mainly influenced by the horizontal air fapso¢ /b ) and the
thickness of the shunt, respectiveience, the leakage and magnetising inductances are
sufficiently decoupled from each other in the proposed topologies and can be regulated
separately by the thickness of the shunt and the length of the horizontal air gap, respectively

122 Chapters



IntegatedTransbrmer with Segmental Shunt Sajad Ansari

5.4 FEA simulation and experimental verification

Simulation and experimental verification for both topologies with specification presented in
Table 5.1 (designed according to the secti@i® and5.3) are provided in this section in order

to confirm the modelling of the proposed topologies. Rather than design a converter to fit the
transformer, the transformer is designed for a typical LLC converter with specification shown
later inTable 5.4.

5.4.2 FEA simulation

The FEA simulations were conducted using ANSYS Maxwell, a commercial software package
that specializes in electromagnetic simulations. The tam&fr geometry was modelled using

solid modelling techniques, with each part of the transformer accurately represented as a
separate object. The material properties of the transformer were defined using manufacturer
datasheets, and the simulation was getouconsider the transformer's operating conditions.
The simulation mesh was refined to ensure accurate results, with a minimum ééegenaf

0.1 mm for small partand maximumengthof 2 mm for big partsSuitableregionwasapplied

to the simulation to reduce computational cost and ensure the accuracy of the simulation. The
simulation was performed using a transient solution type, which allowed for the analysis of the
transformer's performance over tinketernal circuits wee used to provide excitation to the
transformer windings during the FEA simulations. These circuits were carefully designed to
accurately represent the operating conditions of the transformer when it is used in an LLC
resonant converter with specificatishown later irTable 5.4 and ensure that the simulation
results were as realistic as possible. By using these external circuits, the simulatiolewas ab

capture the behaviour of the transformer under the operating cosdition

Simulation allowed for a thorough analysis of the transformer's performance characteristics
and helped to identify any potential issues that could arise under differentogpecatditions.
Overall, the FEA simulations were performed with great rigour and attention to detail and

provide a comprehensive understanding of the transformer's performance characteristics.
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TABLE 5.1 Proposeds t r uct ur es.6 speci fication
Symbol Parameter Value

0 Primary turns 10
0 Secondary turns 2
Q Turns per layer in primary 2
Q Turns per layer in secondary 1
€ Number of primary layers 5
€ Number of secondary layers 2
Q,Q Primary andsecondary conduction thickness 35 mm
Q,Q Primary and secondary insulation thickness 30 mMm
0 Primary PCB trace wideness 3.1 mm
0 Secondary PCB trace wideness 5.7 mm
0 Shunt thickness 1.5 mm
/b Five-segment topologitorizontal air gap 0.13 mm
/b Two-segment topology horizontal air gap 0.28 mm
/b Five-segment topology vertical air gap 0.5 mm
/b Two-segment topology vertical air gap 0.5 mm
@ , Distance between primary and secondary windings| 1.5 mm
() shunt for fivesegment topology 1.5 mm
@ , Distance between primary and secondary windings| 0.76 mm
() shunt for twesegment topology 0.76 mm

The magnetic field intensity and flux density vectors for the-§@gment and tweegment
topologies are presentedhiny. 5.7(a) and(b), respectively. Fronkig. 5.7, it is clear that the
leakage inductance is mainly caused by the shunt since the magnetic field intensity and flux
densiy vectors are higher in the shunt air gaps than window area and windings. The leakage
and magnetising inductances versus thickness of the shunt and horizontal ailbgagsd(

Jb ) calculated fron{5-13), (5-29), (5-40) and(5-41) and obtained by FEAmiulation for the
five-segment and tweegment topologies are presenteHio 5.8(a) and(b), respectively. As
shown, there is only a smaliscrepancy between the theoretical and simulation results, which

verifies the modelling of the proposed topologies.
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Fig. 5.7 Magnetic field intensity and magnetic flux density vectorsF{@-segment topolog
(IT1). (b) Twosegment topologyT2). E32/6/20/R3F4.
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Fig. 58 Modelling verification by simulation results. (a) Leakage inductance. (b) Magn:
inductance.

The loss distribution of the proposed topologies and the conventiongddoneability one
segment shunt topology obtained by FEA is showRig 5.9. It can be seen that the two
segment topology has higher conduction losses compared to t#sefweent topology and the
reason is explained later. Therefore, even though theégment shunt topology benefits from
easier manufacturing and smaller volymesuffers from higher losse8s shown inFig. 5.9,

both proposed topologies have slightly higher conduction losses compared to the conventional
single low-permeability shunt topology. This is because a{pughmeability shunt with air gaps
suffers from higher fringing than a solid lgwermeability shunt, leading to higher AC
resistance. It should be noted that Sulliveinal,[137] have suggested a qualstributed gap

technique which addresses the issue and could be incorporated into the proposal.
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Fig. 5.9 Loss distribution of different topologies for output power of 25W

TABLE 5.2 Volume comparison between different topologies

Topology | 6 (mm) | /B, b (Mm) | /b /b (MM) | Volume(mnt)
[12] 1.5 9.5 | 0.052 - 9228
[12] 1.4 10 | 0.06 - 9174
Five-segment | 1.5 800 | 0.13 0.48 9328
Five -segment| 1.4 800 | 0.13 0.45 9264
Two-segment | 1.5 800 | 0.28 0.48 8374
Two-segment | 1.4 800 | 0.28 0.45 8374

In Table 5.2, the volumes of the proposed topologies and the conventional topology with a
low-permeability shunt for the same specifications are provided. As shown, tsegwent
topology provides thelvest volume even though it suffers from lowest efficiency. In addition,
the proposed topologies can provide the same specification with a range of designs for the
shunt (which can be optisad as needed). However, the shunt in the conventional topology
cannot be changed for a particular specification unless the permeability of the shunt itself
changes. Thereforbased omable 5.2, not only can the prmsed topologies provide a higher

power density but they also benefit from increased flexibility in design.
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Fig. 5.10 Prototypes of the proposed topologies. Core: E32/6/36/4R

5.4.3 Experimental verification

To confirm the theoretical analysis and simulation results, theamabfive segment topologies

are built for the specification presentedTiable 5.1 and their prototypes are shownHig.

5.10. The measured leakage and magnetising inductances of both topologies at 200 kHz,
measured by frequencyalgser Omicron Bode 100, are presente@liable 5.3. The measured
values are very close to the values obtained by modelling and simulation results. In addition,
the pimary self and leakage inductance, and the AC resistance versus frequency for-the five
segment and tweegment topologies are shown kig. 5.11(a) and (b), respectively. As
shown, the AC resistance of the tssegment topology is higher than the fsegment topology

and therefore it has a lower efficiency. Proximity of the gap to the windings in theetyroent

topology leads to higher fringing whiclx@ains the reason of this discrepancy.

128 Chapters



IntegatedTransbrmer with Segmental Shunt Sajad Ansari

a1
o
[HEN
o

|—o— Primary Self-inductance-0— Leakage Inductande

o
\l

o
N

o
o .
“AC cﬁesicgtancc% \ﬁ)

(1)Ok 100k 350
Frequency (Hz)

(@)

|—o— Primary Self-inductance-0— Leakage Inductangge
: e
~>10.75

| —&—AC Resistar]c|e <

(1)Ok 100k 350K
Frequency (Hz)

(b)

Fig.5.11 Primary selinductance and leakage inductance and AC resistance versus fre
(a) Fivesegmentopology(IT1). (b) Twosegment topolog{(iT2).

TABLE 5.3 Parameters of the implemented transformers

Topology SvymBOL Modeling Simulation Measurement
. 0 29.08nH 30.1nH 29.6H
Five-segment
0 8.86 nH 8.72nH 9.23nH
0 28.81nH 30.4nH 28.95nH
Two-segment _
3] 8.61 nH 8.59nH 8.95nH
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Fig. 5.12 Prototypes of the implemented LLC resonant converter.

To verify the performance of the proposed integrated transformers in practice, an LLC
converter is implemented and shownHig. 512 The LLC converte has been designed
according to the procedure outlined@mapter 2and[46] and its specification is shown in

Table 54. In this design, the series and parallel inductors are integrated into the transformer.
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TABLE 54 The implementedlLCc onverter 6s

specificatio

Symbol Parameter Value
0 4 Turns ratio 10:2
0 Magnetising inductance 29nH
0 Resonant (series) inductance 9nH
0 Resonant capacitance 39 nF
W Input voltage 4555V
W Output voltage 5V
0 Outputpower 25 W
Q Switching frequency 200-350 kHz
Y Switches IRF530N
0O Rectifier diodes 12CTQ045

The waveforms of the converter operating at a 210 kHz switching frequency using five

segment and twsegment topologies are showrFig. 5.13(a) and(b), respectively. It can be

seen that the switches are turned on at zero voltage (ZVS) because thsodregnvoltage

drops to zero and then the gate turns on immediately.
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Fig. 513 Experimentalesults of the implemented LLC converter. (a) Ffegment topolog
(IT1). (b) Twosegment topologylT2). w is drain to source voltage) is gate to sourt
voltage andQis the resonant current (primary current of the transformer).

The efficiency of the converter for both topolog{€éEl and IT2)is shown inFig. 5.14. For
this figure, the effect of the asynchronous rectifiexisded because it is the dominant loss

mechanism. It can be seen that, since thedggment topology has higher AC resistance, it
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Fig. 5.14 Efficiency of the LLC converter (excluding the rectifier) at different load condi

suffers from lower efficiency compared to the fisegment topology. However, it benefits

from easier manufacture since éeds only two segments and has smaller volume.

Thermal images of the proposed fivend twesegment topologies at nominal operating
conditions are shown iRig. 515(a) and(b), respectivelylt can be seen that the proposed
transformer with fivesegment shunt has a lower temperature (a@&€C) compared to the
two-segment topology since it benefits from lower losses. In addition, the windings have a
higher temperature compared to the cores since they have higher losses, which confirms the
loss distribution presented kig. 5.9. Moreover,Fig. 515 showsthat the designed integrated
transformer operates within an acceptable temperature range, ensuring that neither the core nor

the windings areamaged.

It is worth noting that conducting an experimental comparison between the proposed topologies
with high-permeability shunt and the conventional topology with -fmrmeability shunt

would have provided even stronger support forahalysis. Unfortunately, during the time of

the experiment, it was not feasible to find and orderpenmeability materials suitable for the
shunt. This situation further highlights the challenges posed by the unavailability -of low
permeability materialg the market.
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(@) (b)

Fig. 515 Thermal image of the transformer. (a) Fesegment topologyiTl). (b) Two
segment topolog{IT2).

The higher number of segments leads the manufacturing to difficulty and higher cost, but it
improves the efficiency of the transformer because of lower fringing. Fomnwoaidbered
segments, a fivgegment shunt is considered in this work sitihe reluctance modelling of the
topology is very similar to theonventionatopologywith low-permeability shuntpresented

in [12]. The evemumbered shunts (for example two) provide a higher power density since the
window area is occupied for the shunt. However, euembered shunts suffer from higher
losses because of fringing effect. Higher -oddd evemumbered segmentsuld have been
considered for the proposed topologies to improve the efficiency, but it would come with the

penalty of more complicated manufacturing and higher cost.

It should also be noted that the application of the proposed topologies is not limited only to the
LLC converter and can also be extended to other convaeriehaseshifted fulkbridge

converters and duactive bridge converters.

5.5 Discussion

The proposd topologies and the conventional topology share similar structures, with the only
difference lying in their shunt configurations. As a result, the proposed topologies still retain
the benefits of planar transformers, including high power density, erthaockng capability,

modularity, and manufacturing simplicitdowever, ahigh-permeability segmental magnetic
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shunt technique slightly decreases the efficiency of the transformer; thus, a fair question is
whether using the proposdiigh-permeability segmental shunts is a suitable alternative to
using the conventional loywermeability single shunt approach. Hence, the advantages of the

proposed topologies are discussed below.

The lowpermeatity magnetic shunt has temperatutepenént permeability which results in

nonstable leakage inductance.

The natural permeability of soft ferrites is a high value. For a particular chemical composition,
there is only one permeability and it is therefore easily made available in a range dfriggome
and sizes. This differs from lepermeability materials whose permeability must be artificially
reduced to meet the particular requirement of an application. For these reasons, high
permeability shunts are generally both cheaper and more widelyalaeaithan low

permeability shunts.

Low-permeability materials offer limited options in terms of permeability, which restricts the
flexibility of the integrated transformer's design. However, the proposed topologies use vertical
air gaps to approximate tlsame bulk permeability as a conventionalJogrmeability one
segment shunt. This allows the transformer to be designed with greater flexibility. In other
words, adjusting the air gaps in a segmental shunt is much easier compared to modifying the

permeality of a nonrsegmental shunt

In the proposed topologies, the magnetising and leakage inductances are decoupled in the
design process, leading to higher flexibility in design. This is in contrast to the low
permeability single shunt topology where thakie@ge and magnetizing inductances are only

decoupled for a limited range.

The efficiency difference between the fisegment topology and conventional topology is 0.8
percentage points, which is negligible. In addition, even though thedgment topologhas
lower efficiency compared to the conventional one (2 percentage fjosgsFig. 5.9), it

provides higher power density (10% more as present&dhbte 5.2).
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In addition, it has been already shown in the literdtl8&, 138]that using distributed air gaps
in a core is better than using lgyermeability materials due to the limitations of the Jow
permeability materials. This distributiorr gap method could be extended to be used in the

proposed topologies to address the issue of lower efficiency.

The reduced costs from using standard {pghmeability materials are likely to be reduced
(although not eliminated) for very large production runs. However, there are mamssaiall
manufacturers with production runs of hundreds to thousands of itemgémm a specific
magnetic shunt is prohibitively expensive. These manufacturers can still benefit from planar
transformers with shunts to achieve high efficiency, but using materials they can access quickly
and at commercially viable costs. While less amant, availability for prototyping is also a
consideration, especially since the proposal allows for rapid reconfiguration usthg-sifelf

materials.

5.6 Conclusion

Two new structurefiT1 and IT2)for the shuninserted integrated planar transformeease

been presented in thzhapter These structures benefit from a segmental magnetic shunt based
on widely-available highpermeability materials which can be found in different sizes and at
lower price. The analysis and modelling of both structuresidering the leakage flux going
through the shunt, window area and windings, are presented. The leakage and magnetising
inductances are decoupled from each other in the proposed topologies and can be designed

separately by the thickness of the shunt aedehgth of the horizontal air gap, respectively.

FEA simulation and experimental verification are provided, and they show a good agreement
with theoretical predictions. It is shown that while the efficiency of the proposed topologies is
slightly less tha the conventional topology with lepermeability materials, the power density

is enhanced about 10%.

An LLC resonant converter is implemented to prove the performance of the proposed
integrated transformers in practice. The prototype shows that botbbgasocan integrate all

three magnetic components of an LLC converter in a single planar transformer as the converter
operates properly and its switches are switched at Z¥8efficiency of the LLC converter
(excluding the rectifier) witlproposedransformers are measured. According to the measured
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values, the efficiency of the fiveegment topology is 1 percentage points more than two
segment topology even though its power densityasiab1% less than tweegment topology.
Finally, the advantages of the proposed topologies compared to the conventional teptblogy
low -permeability shuntare discussed to show they can be a suitable alternative for the

conventional topology.

The strutures (IT1 and IT2) proposed inChapter 5do not need a shunt with specific
permeabilityand dimensions. However, the inserted shunt has multiple segments and has to be
located between two-Eores which makes the implementation difficult and leads to high
assembly cost. Therefore, to address this issue, a new togtdoged IT3)Yor achieving high

leakage inductance insertedshunt integrated planar transformergroposed ilfChapter 6
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Chapter 6

Fully -Integrated Solid Shunt Planar
Transformer for LLC Resonant Converters

In this Chaptera new topolog{termed IT3¥or achieving high leakage inductancenserted

shunt integrated magnetic planar transformisrproposed. In the proposed topolotyyo one
segment shunts are placed across the planapfe air gap and between the primary and
secondary windings. The proposed topology benefits using solid inexpensive ferrite shunts,
making manufacturing easier. A detailed mathematical model is denes which a design
methodology is developed, providing accurate estimation for the leakage and magnetising
inductances. The theoretical analysis has been verified using-diemeent analysis and
experimental implementation. AC resistance analysis effidiency comparison are also
presented for the proposed topology amwe of theinsertedsegmentakhunt topologies
presented itChapter 5 which shows the proposed topology provides higher efficiency because
of lower AC resistance. In addition, an istd LLC resonant converter is designed and built

to investigate the performance of the proposed topology in practice. The three magnetic
components needed for the designed LLC resonant converter is integrated in a single planar

transformer using the proped topology and the converter operates properly.

6.1 Introduction

Inserting a lowpermeability magnetic shunt in the centre of a planar transformer while its
primary and secondary windings are separated (by being located above and below the magnetic
shunt) can provide a high leakage inductance and provides greater r@npreaise control of

its value[12, 130, 134]Even though this structuemnhances the leakage inductance and allows

for its value tobe estimated precisely, the inserted shunt must have a specific and unusually
low permeability, leading the design and manufacturing to difficulty and highgl8ast137,

138].
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Shunt

(@) (b)

Fig. 6.1 The inserteeshunt integrated planar transformeith segmental shuntiT2). (a
Schematic.lf) Reluctance model

Two new structure (IT1 and 1T2) weresuggested irChapter 5to overcome this problem.
These structure areformed by interleaving highly permeable ferrite with thin plastic spacers
to form segmental magnetic shuntsthesestructura, a shunt with theasne bulk permeability

as the conventional design (which uses a-p@smeability shunt) is approximated by

regulating the length of the air gaps between segments across tpehigtability shunt/p ).

The topology of aninsertedsegmentakhunt integrated planar transform@f2) and its
reluctance model are shownkig. 6.1(a) and(b), respectivelyFig. 6.1(a) shows this topology

when a twesegment shuriT2) is used and this topology with fisegmen{IT1) shunt can

also be found iChapter 5As shown inFig. 6.1, a segmental shunt is inserted between the E
cores in line with air gap, and the primary and secondary windings are separated by being

placed abovand below the segmental shunt.
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(@) (b)

Fig. 6.2 The inserteeshunt integrated planar transformagth solid shun{IT3). (a) Schemati
(b) Reluctance model.

In this topology, the leakage inductance can be regulated by changing the thickness of the
shunt,0 , and the shunt air gap lengfl, , and the magnetising inductance can be regulated

by air gap length/b, separation between thedéres. This topologguarantees a high leakage
inductance and accurate estimation of its value. However, the difficulty with this topology is
locating the segmental shunt in between tfooEes and requiring a segmental shunt (minimum

two segments), which results in manufaetgdifficulty. To address this issue, a new topology
(termed IT3)for the integrated transformeés proposed, which benefits from overlaying the

solid shunt across the-&ore air gap and thereby simplifying manufacture.

The new structurg1T3) shown inFig. 6.2(a) is proposed in thi€hapter In the proposed
topology, two solid shunts are placed on the front and bagkp({ane) of a planar transformer
while primary and secondary windings are sefgakdy being located above and below the
shunts such that some of the primary winding generated flux is shunted away from the

secondary winding in order to realise the leakage inductance.

In this topology Fig. 6.2), the bulk permeability of the shunts is regulated by changing their

distance from the cordb ). Therefore, not only does the proposed structure benefit from using
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high-permeability materia for the shunts but its inserted shunts also do not need to be

segmental and can be located easier.

The proposed structure is analysed and modelled and a design guideline is also provided. The
theoretical analysis is verified by comparison with firdtement analysis (FEA) simulation

and experimental measurements. The AC resistance analysis and@&ffaoerparison for the
proposed structure arahe of theinsertedsegmentakhunt presented i@hapter Y1T2) are
provided. In addition, in order to examine the performance of the proposed structure in practice,
an isolated LLC resonant converter usingphgposed integrated transformer is implemented

and investigatedThe prototype proves that the proposed structure can integrate all three

magnetic components of an LLC converter in a single planar transformer.

6.2 Proposed integrated magnetic transformers

The schematic of the proposed topology and its reluctance model are shégir6i@(a) and
(b), respectively. The air gapp is inserted in between thedbres to regulate magnetising
inductance and the air gép is added in between the shunts andodies to regulate the
leakage inductance. As shownhig. 6.1 andFig. 6.2, the proposed topology provides the
same reluctance model as the insegegmentakhunt topology(IT2) but its inserted shunts

are not segmental and canlbeated moreasily.

One might think that inserting one solid lgermeability shunt between two-déres
(presented if12]) would be easier than exaying two identical solid shunts on the front and

back of the transformer. However, manufacturing a solid shunt frompémeability
materials (e.g. a powder core) is harder and more expensive than manufacturing a solid shunt
based on higipermeability materials like ferrite. In addition, lowermeability magnetic
materiab have temperatw@ependent permeability, leading to unstable leakage inductance
[133, 135, 137, 138, 169]

In the following, the modelling of the proposed structure is discussed for estimation of the

leakage ad magnetising inductances.
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Equation(6-1) can be used to calculate théal leakage inductance, .

0

"al o)

& "Gl go Q (6-1)

wherewis the cuboid that incorporates the magnetic shunt, window arehewihdings,Q

is the primary currenf) is the flux density an@®is the magnetic field intensity.

From(6-1), to calculate the leakage inductance, the energy stored in the wiakayand the
primary and secondary windings, alongside the inserted sfincdlisding their air gaps)eed

to be calculated. Therefore, the energy stored in each part is calculated separately in the
following and then the total leakage inductance carbbeied by summation of energies and

from (6-1).

6.2.1 Energy stored in window area
The magnetomotive force (MMF) of each layer of the primary windingmay be obtained
from (6-2), whereQ is the number of turns in each layer of the primary winding.

0'Q (6-2)

If ¢ and& are the number of layers of the primary and secondary windings, respectively,
then the MMF within the window area, ,isequalt@. and the magnetic field intensity

within the air ared0 , may be obtained bi-3).
O —— (6-3)

whereo is the width of the winding area (definedriy. 6.2(a)). From(6-1), the stored energy

of leakage inductance in air aré, , (defined inFig. 6.3) can be calculated #6-4).
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! . . -~
- Symmetrical axis =

v £

[ T T

v

o g‘ 6h O Qo (6-4)

whereU is the core depth amd andw are the distances from the primary and secondary
windings to centre of the transformer, respectively, showkign6.3. By substituting(6-2)
and(6-3) into(6-4), O in both right and left windows of-Eorescan be calculated &8-5).

€ QQ
0O 0 = W (6-5)

6.2.2 Energy stored inprimary and secondary windings
According to the MMF distributiopresented ifrig. 6.3 (obtained based on method outlined
in [129, 130, 134)] the stored energy in PCB layers of primary and secondary windings can be
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calculated. Ouyanget al, [129] proved that energy stored in the primary and secondary

windings may be obtained &6) and(6-7), respectively.

. p, O . . L s

@) 6 wd)—Q QG ce ot € ¢Qe Q (6-6)

o P 0 Q" ¢ ot ¢ MNE Q 6-7
o & Q q G (6-7)

In (6-6) and(6-7), Q and™Q are defined as the thickness of the PCB tracks of the primary and
secondary windings, respectively, aif@l and Q are defined as the thickness of PCB

insulation layers of the primary and secondary windings, respectively.

6.2.3 Energy stored in magnetic shunts

The energy stored in the shunts can be calculated by the method outlDedpter 5The
reluctance model of éhproposed topology is presentedrig. 6.2(b), whereT , T and
T areairgapreluctances, ,7 andT are core reluctances and is shunt reluctance
and they can be calculated (®8)-(6-14). In the reluctance modelling presenteHim 6.2(b),

it is assumed both shunts aceadted at the same distance from the coileg,(and therefore

they can be considered only one shunt but with double thicknis$. (2

. /b
[ d)o (6_8)

. /b
Y (6-9)
T T3 (6-10)

. )
) (6-11)

144 Chapter



IntegratedTransbrmerwith Solid Shunt Sajad Ansari

; /b
“® /b U Jb (6-12)

. /b
‘o /b o0 Jb (6-13)

/b
T ‘ : : (6-14)

where’ is' and' are the permeability of the air, and the relative permeability of the core
and shunt, respectivel§. is the core effective crossectional area and the definition of other
guantities can be found iRig. 6.2(a). Hurley, et al, [168] showed that an effective cress
sectional area of the air gap with dimensadiy b are equal tog+g) by (b+g) when the fringing
effect is considered arglis the length of the studied air gap.

According to the reluctance model presentelign 6.2(b) andthe method outlined i@hapter
5, theleakage inductanceaused byhe inserted magnetic shunts referred to the primary side

and magnetising inductance for the proposed topology can be calculai@d Hyand (16),
respectively.

10
T ¢T1 T 1 (6-15)

D T T T
b cv (6-16)
T T CT T T

where( is primary turns numbeg ('Q) and’Y can be defined as

T 1T T ¢1 T T (6-17)

andT ,7T ,7T andT are defined as follows:
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. T
T cT (6-18)
T
-I' -
¢TI CT (6-19)
T T
_]' N
T T (6-20)
T
LN (6-21)
¢TI CT

From (6-1), (6-5)-(6-7) and(6-15), the total leakage inductance of the proposed topology may
be obtained by6-22).

Qe Q ¢c¢ o — (cQe (6-22)

Therefore (6-16) and(6-22) can be used to design an integrated transformer according to the

required magnetising and leakage inductances.

To demonstrate the fidelity of control achievable with the proposed topology, the calculated
leakage and magnetising inductanfasthe proposed topology for different thickness of the
shunt,0 , and airgap lengths/b and/b , are presented iRig. 6.4(a) and(b), respectively.

It can be seen that the magnetising inductance is only influenced-ggpaiength between

cores (b) and is not significantly affected by changing the thicknesseothunt andb . On

the other hand, the leakage inductance is mainly affected by the distance between shunts and
cores (b ) and also the thickness of the shumt ). Hence, in the proposed structure, the
leakage and magnetising inductances are déedupom each other and can be regulated

separately, leading the design process to higher flexibility
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Fig. 6.4 The calculated leakage and magnetising inductance versus thickness of the ¢
For different Ecore air gaps/b). (b) For different distances from shunts to cofes)( Core
E32/6/20/R3F4,/b and/b inmm,0 =2.5mm{ =10,0 =2,¢ =5,¢ =2,'Q=2,"0=1,® =
w=1.5mm.

The leakage inductance distribution (between shunt, air and winding) of the proposed
integrated transformer for different thicknesses of the sliunftgnddistances from shunts to
cores (b ) are shown irFig. 6.5(a) and(b), respectively. As shown, the leakage inductance

(0 ) is mainly affected byheshun® dimensions andb . The leakage inductance, caused by
the window areal)Y ) and windings@§ ), is only affected by the geometries of the core

and PCB windings.

The characteristics of the proposed integratadsfiormer are now fully investigated and it is
shown that the transformer can be designed for most reasonable specifications of leakage and
magnetising inductances. It does not need anypemneability materials or segmensaunts.
Therefore, the proposed transformer is a great candidate for use in an LLC resonant converter
where it can integrate the magnetic components into only a single transformer. In the following,
the operation of the proposed transformer when it isgdesli to be used in a typical LLC
resonant converter is investigated and its modelling is verified by simulation and experimental
results.
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Leakage inductanogH)

(@)
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Leakage inductange)

(b)

Fig. 65 Leakage inductance distribution. (a) For different thicknesses of the &hu)
Jb =0.3mm (b) For different distances from shunts to corfls )( 6 =0.5mm. Core
E32/6/20/R3F4,0 =2.5mm,0 =10,0 =2,¢ =5,¢ =2,"Q=2,"Q=1,® = ®=1.5mm.

6.3 Simulation results

To verify the theoretical analysis presented in Seddi@n FEA simulation of the proposed
integrated transformer is provided. Therefore, an integrated transformer is designed and its
specification $ presented ifiable 6.1. The leakage and magnetising inductances and the turns

ratio of the designed transformer are selected according to the specification of an exemplar

isolated LLC resonant converter presentedable 6.3. The transformercore (E32/6/20/R

3F4)is selected based on the desigrdelinesoutlined by core manufacturer in its catalogue

[170], which provides charts indicating the appropriate core according to the stored energy and

operating frequency. The thickness of the shunt angbgitengths/b and/b ) are estimated

in order to provide the required leakage and magnetising inductanceg@i&gand(6-22)

and considering the dimensions of the selected core. In addition, the windings are designed

considering the dimensions, skin effect, their no@a-square (RMS) currents and the

difficulty of manufacturing.
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(b)

Fig. 6.6 FEA simulation results of the proposed topology. (a) Magnetic field intensi
Magnetic flux density vectors. Corg32/6/20/R3F4.

The magnetic field intensity and flux density vectors for the proposed integrated transformer,
while it is used in an LLC converter with specification presentelhinle 6.3, are shown in

Fig. 6.6(a) and(b), respectively. According tBig. 6.6, the magnetic field intensity and flux
density vectors are dominant in the shunts and their air apséther than window area and
PCB windings. The leakage flux and, therefore, inductancaiislyncaused by the shunts. In
addition, since the magnetic field intensity is highest in the core ai/bapilie magnetising

inductance is mainly affected Bip.
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TABLE6.1Pr oposed spécifigatom ur e 6 s

Symbol Parameter Value
0 Primary turns 10
0 Secondary turns 2
o) Turns per layer in primary 2
o) Turns per layer in secondary 1
3 Number of primary layers 5
3 Number of secondary layers 2
Q,Q Primary andsecondary conduction thickness 35 mm
Q.,Q Primary and secondary insulation thickness 30 mm
0 Shunt thickness 2.3 mm
0 Shunt wideness 1.5 mm
b Transformer air gap 0.28 mm
b Distance between shunt and cores 0.23 mm
W, Distance between primary and secondary windings| 1.5 mm
W centre of cores 1.5 mm

The leakage and magnetising inductances versus thickness of thedsHuamg transformer

air gap (b) obtainedfrom (6-16) and(6-22) and measured by FEA simulation are presented
for the proposed topology Fig. 6.7(a) and(b), respectivelyFig. 6.7 shows a good agreement
between the theoretical and simulation resswlerifying the analysis of the proposed structure.
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Fig. 6.7 Modelling validation by simulation study. (a) Leakage inductatibe (@&t onm).
(b) Magnetising inductancé( pmm). E32/6/20/R3F4,/b @ mm.

The loss distribution and efficiency of tpeoposed topolog{iT3) and that of the segmental
shunt topology(IT2), while they are used in the LLC convertemaiminal operation, were
calculated using FEA and are presentedrig. 6.8(a) and(b), respectively. As shown, the

proposed topology benefits from lower conduction losses and therefore provides higher
efficiency.
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h=97.65% h=96. 80%

18.41%

9.82%

I Conduction Losses 523 mW
[ ]Core Losses 118 mwW

(@) (b)

Fig. 6.8 Loss distribution. (a) Proposed topolqgy3). (b) Inserteesegmentakhunt topolog
(IT2). Core: E32/6/20/RBFA4.

I Conduction Losses 1040 mW
[ ]Core Losses 110 mwW

TABLE 6.2 Parameters of the implemented integrated transfarmer

Parameter Symbol | Modelling | Simulation | Measurement
Magnetising inductance 0 28.7nH 29.15mH 29.4nH
Leakage inductance 0 10.3nH 9.3nH 9.4nH

6.4 Experimental verification

To verify theoretical analysis and simulation results, an integrated transformer based on the
proposed structure with specification presentetiible 6.1 is built and its prototype is shown

in Fig. 6.9. In addition the proposed topologyT3) is compared with the insertesggmental

shunt topology IT2, called conventional) whiclis built with the same specificationa)so

shown inFig. 6.9.
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Fig. 6.9 Prototypes of the propos€tl' 3) and insertegsegmentakhunt (T2, conventional
topologies. CoreE32/6/20/R3F4.

The measured leakage and magnetising inductances of the proposed topology at 200 kHz
measured by an Omicron Bode 100 analyser are showabie 6.2. The measured values are

close to the values obtained by modelling and simulation results. In addition, the AC resistance,
primary selfinductance and leakage inductance versus frequendpdquroposed topology

and the segmental shunt topology are showrFigh 6.10(a) and (b), respectively. The
measurement was carried out by the precision impedancgsan@micron Bode 100 while

the windings and shunt were located inside the planar cores. As shdvign .10, both
transformers have similar magnetising and leakadectances. However, the AC resistance

of the topology with inserted segmental shunt is higher than the proposed topology because of
its high fringing losses (as mentioned @apter % As seen inFig. 6.2, in the proposed
topology, the aigaps of the shunt (labelléB ) arelocatedfurther from the windings, reducing

their coupling with the fringing field and hence reducing losses. In timeesgal topology, the

air gaps are between the lower and upper parts of the winding and therefore have greater

coupling and therefore greater losses.

Chapter6 153



Sajad Ansari IntegatedTransbrmerwith Solid Shunt

50 ‘ 1002
= |—o— Primary Self-inductanceC— Leakage Inductande <@
\%/40 ”””””” —O— e Ormeees ‘C ”””” OO0 ] 0'758
o3 i

0.50©
CG e —
; 20 D
210 ~0— — ] 0'252:)
- 0 |—A—AC resistanc|e 0 OO<

10k 100k '
Frequency (Hz)
(@)

50 ‘ 100
~—~ |—o— Primary Self-inductance-0— Lgakage Inductang <@
%40 ””””” —O——— —O0—————— o O—x o 0'758
o3 M L
3 10502
G ) T T A 5&)

: 10.2
g 10p -~ p. s mazzem — o Q
- 0 | =&— AC Resistande 0 OO<
10k 100k '
Frequency (Hz)
(b)

Fig. 6.10 AC resistance, primarself-inductance and leakage inductance versus frequel
(a) Proposed topologyT 3). (b) Inserteesegmentakhunt topologyIT2).

To verify the performance of the proposed integrated transformer in practice, an LLC resonant
converter is implemented with the specification presenté@dlire 6.3 calculated according to

the design procedure outlined@hapter2 and[46], as shown irfrig. 6.11. In this design, the

series and parallel inductances are integrated into the transformer. The waveforms of the
converter operating at 210 kHz using (a) the proposed topology and (b) the topology with
insertedsegmentakhunt are shown iRig. 6.12. It can be seen that the switches are turned on

at zero voltage (ZVS) because the switch gate turns on after itssoiaice voltage drops to

Zero.
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Fig. 6.11 Prototype of the designed LLC converter.

TABLE63The i mpl emented LLC .convertero6s sij
Symbol Parameter Value
O d) Turns ratio 10:2
0 Magnetising inductance 29mH
0 Resonantseries) inductance 9nH
0 Resonant capacitance 39 nF
W Input voltage 4555V
W Output voltage 5V
0 Output power 25 W
Q Switching frequency 200-350 kHz
Y Switches IRF530N
0O Rectifier diodes 12CTQ045
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Fig. 6.12 Experimental waveforms of the designed LLC converter. (a) Using prc
topology (IT3). (b) Using the insertedegmentakhunt topology(IT2). w is drain to sourc
voltage,w is gate to source voltage ai@s the resonant current (definedFiy. 5.1).
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The efficiency of the implemented LLC converter using the propogedrated transformer

and insertegsegmentakhunt integrated transformer are showRim 6.13for different output
powers. It can be seen that, since the topology with inseegohentakhunt suffers from

higher AC resistance, it has a lower efficiency compared to the proposedgiopoloe
efficiency of the converter is evaluated after removing the rectifier stage from the circuit since
the losses from an asynchronous rectifier are higher than losses in the magnetics. Rectifier
design is not the focus of this work and thus the riecii§ not optimsed.

Thermal images of the proposed topology and insesgggnentakhunt transformer at nominal
operating conditions are shown king. 6.14(a) and (b), respectively. It can be seen that the
proposed transformer has a lower temperature (about 2°C) compared to the-segpriedtal

shunt transformer since it benefits from lower losses. In addition, the windings have a higher
temperature compared toetltores since they have higher losses, which confirms the loss

distribution presented iRig. 6.8.

It should be noted that the application of the proposed integratesformer can be extended
to other converters such as the phsisifted fultbridge converters and duattivebridge

converters and is not only restricted to the LLC resonant converter.
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Fig. 6.13 Efficiency of the designed LLC converter without the rectifier stage usir
proposed insertedolid-shunt (IT3) and insertecsegmentakhunt integrated transform

(1T2).

(@)

(b)

Fig. 6.14 Thermal image of the transformer. (a) Proposed topol®dG$). (b) Insertee

segmentakhunt topologyIT2).

To sum up, not only does the proposed stnserted integrated transformer address the main
issues of the segmental shunt topology, but it also provides a higher efficiency without

fundamentally redesigning the planar transformer or its associated @nvert
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6.5 Conclusion

A new topology for thensertedshuntintegrated planar transformeis proposedn this
Chapter The inserted shunts are solid in the proposed topology, leading to easier
manufacturing compared to segmental shunt topdjoiggsented in Gipter 5) In addition, the
shunts are based on higkermeability materials like ferrite, which is widely available in the
market with different sizes and lower price. Therefore, the proposed structure benefits from
both advantages of the higlermeability segmentahunt and lowpermeability onesegment

shunt topologies.

The analysis and modelling of the proposed structure are presented. The leakage and
magnetising inductances are decoupled from each other in the proposed structure and can be
regulated separateljgeading to a flexible design process. FEA simulation and experimental
implementation are provided to verify the theoretical analysis. In addition, according to the
presented results, the proposed topology can provide a higher efficiency compared to the
insertedsegmentakhunt topology. An LLC resonant converter is also implemented to
examine the performance of the proposed integrated transformer in practice. The prototype
shows that the proposed topology can integrate all the three magnetic compottentd &f

converter into a single planar transformer

There is still onemportantissue with the topologiedT1-IT3) proposed irChapter 5and6:

they dl increase the leakage inductance on both primary and secondary sides. As discussed in
Chapter3, a hgh leakage inductance on the secondary side is not preferred and therefore a new
topology(termed IT4)s presented i€hapter Avhich does not increase the secondary leakage

inductance.
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Chapter 7

Inserted-shunt Integrated Planar Transformer
with Low Secondary Leakage Inductance for
LLC Resonant Converters

In this Chapter, a novel topologyermed IT4)for insertedshunt integrated transformers is
proposed which has low secondary leakage inductance. The insédat of the proposed
topology is not segmental and can be located conveniently within the transformer. In addition,
the inserted shunt does not require low permeability core material, simplifying its manufacture.
The design and modelling of the proposathsformer topology are presented and verified by
finite-element analysis and experimental implementation. The proposed topology is also
compared withone of theinsertedsegmentakhunt integrated transformgmpresented in
Chapter 5 It is shown that thproposed transformer provides higher efficiency and lower AC
resistance. Finally, an LLC resonant converter is implemented to examine the performance of

the proposed integrated transformer in practice.

7.1 Introduction

A low-permeability magnetic shunt, such as a powder core, can be inserted into a planar
transformer to achieve a high leakage inductaji& 130, 134] In this insertedshunt
integrated transformeopology, there is no need for either an auxiliary winding or an unusual
magnetic core and all three magnetic components of the isolated LLC converter can be
integrated into only a single plantransformer. However, the inserted shunt must have a
specific and unusually low permeability in this topology, leading the design and manufacturing
to difficulty and higher cost. Themafe,in Chapter 5jntegrated planar transfornse(lT1 and

IT2) with a segmental shumtere suggestedo address this problem. The magnetic shunt in
this topologyis formed by interleaving high permeability ferrite with thin plastic spacers to
form a distributed air gap ferrite shunt with the same bulk permeability aotiventional
low-permeability shunt. The design becomes more economitiaikistructuredbecause high

permeability materials like ferrite, which is widely available in different sizes and for lower
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price, can be used for the shunt. However, in thpology, the inserted shunt has several
segments and must be placed in between tworEs which makes the implementation difficult
and lead to high assembly coEherefore, inChapter §a new structur@T3) was presented

in whichthe inserted shunts are ishlleading to easier manufacturing compared to segmental

shunt topology.

In all reportedinsertedshuntintegrated transformefd2, 130, 134]andthe topologies(IT1-

IT3) presented ilChapter Zand6, the main issue is that the leakage inductance does not only
increase in the primary side but alsocreases in the secondary side. Tiegativeeffects of
thesecondary leakage inductancetbaLLC resonant converters are investigate@€imapter
3andin [122, 139142]. It was pointed out that a new topoldgy the insertegshunt integrated

transformeiis needed to avoid the increase of secondary leakage inductance

In thisChapter a new structuréermed IT4)for the insertegshunt integrated transformers is
proposed to address the key issue of reducing high secondary leakage inddetarite.

shows the structure and reluctance model of the proposed integrated magnetic trarfstprmer.
7.1(a) shows the transformer in theyxplane and is divided into a primary section (consisting

of an Ecore half and winding) and a secondary section separated by an air gap. Two shunts
are placeacross xy faces of the primary-{€ore.Fig. 7.1(b) shows the location of the shunts

in the %z plane. Since the shunts only provide a-l@uctance route for leakage flux of the
primary winding, the primary leakage inductanol/oncreases. In the proposed structure, the
bulk permeability of the shunts can be regulated by changing their distances from the core
rather than changing the air gaps length across them, which is in contrast with the segmental
shunt topology presented Chapters5. Hence, the proposed structure not only has the
advantage of using higbermeability materials for the shunts but also requires solid, rather

than segmental shunts.

The proposed structure is analysed and modelled in detail. The theorediyaisais verified

by finite-element analysis (FEA) simulation and experimental results. An efficiency
comparison and AC resistance analysis for the proposed structuiteeamgbrtedsegmental
shunttopology(1T2) presented ilChapter Sare provided. Iraddition, the performance of the

proposed integrated transformer is investigated in practice by implementing an isolated LLC
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Fig. 7.1 The proposed integrated transforr(id). (a) Schematic in-y plane. (b) Schema
in x-z plane. (c) Reluctance model.

resonant convertefhe experimental results show that the proposed structure can integrate all

three magnetic components of an LLC converter into a single planar transformer.
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7.2 Proposedintegrated magnetic transformers

The schematic of the proposed structure, geometry/dimensions and reluctance model are shown
in Fig. 7.1(a), (b) and (c), respectively. An air gafb is inserted between the-dores to
regulate magnetising inductance and an air/gaps located in between shunts and primary
E-core to adjust the leakage inductance. The dashed line shown in the reluctancé&igodel,
7.1(c), divides the contribution into primary section (above the line) and secondary section
(below the line) with the dividing line crossitige air gap reluctances andT . The flux
produced by the magnetic field of the current in the primary winding that links with the
secondary winding igliverted away from the secondary windibyg the reluctance route
provided by the inserted shunts. However, this route does not #féeflux produced by the
magnetic field of the current in the secondary winding that links with the primary winding since
corereluctances, ,T andT are negligible compared to air gap reluctance of the shunt,
_[

In the following this section, the modelling of the proposed structure is discussed for estimation
of the leakage and magnetising inductances.

Assuming the permeability of the core is vdngh then any energy that is stored in the
transformer must be located outside of the core. Equ@tidhshows the energy stored in the
volume of the windingthewindow area antheshunt is equal the energy stored in the leakage

inductance)

allhe)

6 "Gl gi‘) Q (7-1)

wherew is the total volume of window area, windings and insesteghts,Q is the primary

current,0 is the flux density an@®is the magnetic field intensity.

The energy stored in the winding window area of corelspaimary and secondary windings
alongside the inserted shunts form the total energy stored by the leakage indataric2.
shows a crossection of the righhand side of the transformer divided into several regions

contributing the stored enerdpy the leakage inductancéhe primary winding consists of

Chapter7 163



Sajad Ansari IntegratedTransbrmer with Low Secondary Leakage inductance

d3)

! . .
-Symmetrical axis

O 1V 7T

v

A
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Fig. 7.2 Core half representation of thdMF distribution for the proposed integra
transformei(IT4).

turns and is constructed fraim layers each witfQ turns 0 Q¢ ). Each primary winding

layer has a heighi© and an associated insulating layer with a hei@ht Similar notation is

used for the secondary winding, Q¢ , with each layer having a heigft and insulating

layer height® . RegionsO andO refer to the energy stored in the primary and secondary
winding.O is the energy storad theproportion of the winding window not occupied by the
windings and this is divided into a primary region of heighéind a secondary region of height

w . Therefore, the energy stored in each part needs to be obtained first and the total leakage

inductance can be then calculated by their summatiorf7aibd

7.2.1 Energy stored in window areal Eair
The magnetomotive force (MMF) of each layer of the primary wigdi , may be obtained

from (7-2), whereQ is the number of turns in each layer of the primary winding.
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Q0 (7-2)

If ¢ and¢ are defined as the number of layers of the primary and secondary windings,
respectively, the MMF within the window area, , is equal t&.  and the magnetic field

intensity within the air are&) , may be obtained byr-3).
0 . (7-3)

From (7-1), the stored energy window area not occupied by thending, O , (defined in
Fig. 7.2) can be obtained &g-4).

0 g‘ 0 & 0 A (7-4)

whereU is the core depth amd andw are the distances from the primary and secondary
windings to the centre of the transformer, respectively, defin€ein/.2. From(7-2)-(7-4),

'O in both windove (left and right windows of an-&ore) can be obtained as follows:

O 0 —= W W (7-5)

7.2.2 Energy stored in primary and secondary PCB windings

From the MMF distributiorpresented irFig. 7.2 which has beeobtained based on method
outlined in[129, 130, 134]the stored energy in PCB layers of primary and secondary windings
can be obtained. Ouyangf, al, [129] proved that energy stored in the primary and secondary

windings may be calculated é&6) and(7-7), respectively.

| <

— Q 'Q Ce oe € ¢Qe Q (7-6)

1o
€
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0
0 T =0Q ¢ o & 0 (7-7)

S0

In (7-6) and(7-7), " Q andQ are defined as the thickness of the PCB tracks of the primary and
secondary windings, respectively, a@ and™@ are defined as the thickness of the PCB

insulation layers of the primary and secondary windings, respectively.

7.2.3 Energy stored in ingerted shunts

The stored energy in the inserted shunts can be obtained from the reluctance model using the
method outlinedin Chapter 5 Referring toFig. 7.1(c), T , T andT are air gap
reluctances] ,T andT are core reluctances and is shunt reluctance and they can

be calculated by7-8)-(7-14). In the provided reluctance modedjjnit is assumed that both
shunts are located at the same distance from the darg@sdnd therefore only a single shunt

of double thickness (2 ) needs to be considered.

. /b
Y (7-8)

. /b
EFRY? (7-9)

/b
T T3 (7-10)

. )
¢ 00 (7-11)

. /b
“ o /b U Jb (7-12)

. /b
¢ o /b 6 Jb (7-13)
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/b
T : , (7-14)

where' ,‘ and’ are the permeability of the air, and the relative permeability of the core
and shunt, respectively. is the core effective crosgectional area and other variables are
defined inFig. 7.1(a). Hurley, et al, [168] showed that an effective cressctional area of the

air gap with dimensioa by b are equal tog+g) by (b+g) when the fringing effect is considered
andg is the length of the studied air gap.

From the reluctance model presentedrig. 7.1(c) and the method outlindd Chapter 5the
magnetising inductance of the proposed integrated transformer (evaluated at the primary side)

can be obtained as follows:

5
0 S (7-15)
ST ¢T T

whereT andT can be defined g§-16) and(7-17), respectively.

T CT T
cT T (7-16)

T 1T 7T ¢T  ¢T 7 (7-17)

And the primary seffnductance can be obtained by

FJ— (7-18)

whereT s the core reluctance (evaluated from the primary side) and can be obtaified as
19).
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T T T T T T T T T
1, 1 S S S (7-19)
- C cT1 <1 T

Finally, the primary leakage inductance due to the inserted sliunts, , can be calculated
by (7-20).

6 0 0 (7-20)

The secondary magnetising inductance (using a similar approach) can be obtérr2tl)as

o oo (7-21)
T T T T

whereT andT can be defined &§-22) and(7-23), respectively.

cT1 T (7-22)

T 07T T T (7-23)

0 — (7-24)

whereT is the core reluctance (evaluated from the secondary side) and can be obtained as
(7-25).

4
T T (7-25)
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212- -0 Priméry Ieakagé inductance (7—20')
T o -0= Secondary leakage inductance (7-26)
LC) -
8
o 4
-
£ op—o o O O O
0.5 1.0 15 2.0 2.5 3.0

Thickness of the shuiitnm)

Fig. 7.3 Primary and secondary leakage inductances caused by the shunts. Core: E3
3F4, shunt material: FaRite M6,/b=/b =0.3mm,0. =0.8mm,0 =0 =10.

Finally, the secondary leakage inductance due to the inserted shunts, , can be calculated

by (7-26).
o 0 0 (7-26)

In Fig. 7.3, from (7-20) and(7-26), the primary and secondary leakage inductances caused by
shunts of different thickness are presented. As shown, the shunts do not have a noticeable
influence on the smndary leakage inductance, but the primary leakage inductance can be
increased by the shunts. This is because the mutual inductance from primary to secondary is
reduced by the reluctance route through the inserted shunts. However, this route doed not affe
the flux produced by the secondary winding that links with the primary winding since core

reluctances] ,T andT are negligible compared to air gap reluctance of the smunt,

As presented irFig. 7.3, the secondary leakage inductance caused by the shunts can be
neglected and, therefore, frdifr1), (7-5)-(7-7) and(7-20), the total leakage inductance of the

proposed integrated transforngan be calculated as follows:
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(7-27)

0 ., p
' (CRNS: — o
= G

where 0 is the primary turns number. Therefore, fr¢il15) and(7-27), an integrated

transformer for the required magnetising and leakage inductances can be ddésigrikbd.

remainder of th&€haptey the magnetising inductance of the transformer, is definel equal

toi‘)_.

The calculated leakage and magnetising inductances of the proposed integrated transformer for

different thicknesses of the shunt,, air gap length/b, and distance between shunts and

cores,Jb , are presented iRig. 7.4(a) and(b), using a E32/6/20/f3F4 core as reference to

determine the main factors of influence in a design (details of the geometry provided in the

figure aption). Itis clear that the magnetising inductance is mainly influenced by air gap length

between coredb, and cannot be changed appreciably by vargingand/b . However, the

leakage inductance can be regulated by chanfiingand © and is not Hected by/b.

Therefore, in the proposed integrated transformer, the leakage and magnetising inductances are

sufficiently decoupled from each other and can be separately realised, leading the design

process to higher flexibility
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Fig. 74 The calculated leakage and magnetising inductances versus thickness of t
(0 ), transformer air gapst) and distance between shunts and cofkes).((a) Leakag
inductance. (b) Magnetising inductance. Core: E32/6/35®R shunt material: FaRite M6
0 =1mm,Jb=/b =0.2mm,0 =0.8mm,0 =10,0 =2,¢ =5,¢ =2,"Q=2,"Q=1, 0 =2.5mm
w=1.5mm.

The modelling of the proposed integrated $farmer is now fully investigated and it is shown

that the transformer can be designed for most reasonable specifications in terms of leakage and
magnetising inductances. These designs do not requirepdaweability materials or
segmental shunts and withe advantage of not increasing the leakage inductance on the
secondary side. Therefore, the proposed transformer is an attractive candidate for use in an
LLC resonant converter to integrate its magnetic components into a single transformer. In the
following, the operation of the proposed transformer when it is designed to be used in an
exemplar LLC resonant converter is investigated and its modelling is verified by FEA

simulation and experimental implementation.
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TABLE71Proposed structurebs specification

Symbol Parameter Value
0 Primary turns 10
U Secondary turns 2
ko) Turns per layer in primary 2
ko) Turns per layer in secondary 1
€ Number of primary layers 5
3 Number ofsecondary layers 2
Q,Q Primary and secondary conduction thickness 35mm
Q,Q Primary and secondary insulation thickness 30mMm
0 Shunt thickness 1.3mm
0 Shunt wideness 0.8 mm
/b Transformer air gap 0.32 mm
b Distance between shunt and cores 0.20 mm
W, Distance between primary and secondary windings and d 2.5 mm
() of E-cores, respectively 1.5 mm

7.3 Simulation results

An integrated transformer with minimum secondary leakage inductance is designédmase

the equations provided in Secti@® and its specifications are presented @ble 7.1. The
magnetising and leakage inductances and turns ratio of the designsfdrmer are chosen
according to the specification of an exemplar isolated LLC resonant converter presented in
Table 7.3. Thetransformercore (E32/6/20/FR8F4) is selected based on theigegyuidclines
outlined by the catalogue of the core provided by its manufackivéq, which presents
guidelines for appropriate core selection based on the operating frequency and power. The
thickness of the shunnd airgap lengthsJb and/b ) are estimated in order to provide the
required leakage and magnetising inductances, &) and(7-27), and considering the
dimensions of the selected core. Moreover, the windings are designed considering the
dimensions, skin effect, their roateansquare (RMS) currents and the difficulty of

manufacturing.
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Fig. 7.5 FEA simulation results. (a) Magnetic field intensity. (b) Magnetic flux density ve
E32/6/20/R3F4 and shunt material: FdRite M6, and frequency=200 kHz.

To verify the theoretical analysis, the FEA simulation resultb® designedransformerare

presented below.

The magnetic field intensity and flux density vectors for the proposed topology, while it is used

in an LLC converter with specification presentedrable 7.3, are slbbwn inFig. 7.5(a) and

(b), respectively. According tbig. 7.5, the magnetidield intensity and flux density vectors

are dominant in the shunts and their air g&bs) (rather than windows area and PCB windings.

The leakage inductance is therefore mainly caused by the inserted shunts. In addition, since the
magnetic field intensy is highest in the cores air gafbj, the magnetising inductance is
mainly affected byb.

FromFig. 7.5, it can be observed that the magnetic flux densityhi@ishunts is around 0.2 T,
which is below saturation. A design can avoid saturation for the shunts whether a low

permeability material or highermeability material is used for the shunts.
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12} = Ly from FEA
1 Lk from (7-27)
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Fig. 7.6 Modelling validation by simulation study. (a) Leakage inductanée ( 1@t onm).
(b) Magnetising inductanced( pmm). E32/6/20/R3F4, shunt material: FaRite M6.
Jb m@mm, and frequency=200 kHz.

The leakage and magnetising inductances versus thickness bfititeds ) and transformer
air gap (b) obtained from(7-15) and(7-27) and measured by FEA simulation are presented
for the proposed topology Fig. 7.6(a) and(b), respectively. According tBig. 7.6, there is a
good agreement between the theoreticdl@amulation results, verifying the modidveloped

in this Chapter
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Fig. 7.7 Primary and secondary leakage inductances caused by the sBE@8t6/20/R
3F4, shunt material: FaRite M6, and frequency=200 kHz.
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D1.5F h 9©5.6% h 96.7%

Fig. 7.8 Lossdistribution of the proposefiT4) and conventiona{lT2) topologies for

output power of 25W. E32/6/20/8-4, shunt material: FaRite M6, and frequency=20!
kHz.

Primary and secondary leakage inductances caused by the shunts for the proposed integrated
transformer are presented fig. 7.7. As shown, the secondary leakage ittdauce is not

affected by the shuntsdé charactig73 stics and

Loss distribution of the proposed topologyhile it is used in an LLC converter with

specification presented ifiable 7.3, is presented ifrig. 7.8. For comparisonan integrated
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TABLE 7.2 Parameters of the implemented integrated transformer.

Parameter FEA modelling | Simulation | Measurement
Magnetising inductance, 28.5mH 28.85nmH 29.5nH
Primary leakage inductanag, 8 mH 8.2mH 8.3nH
Secondary leakage inductanoe, 0.03nH 0.04nmH 0.03nH

transformer with insertedegmental shuriT2), presented ifChapter 5is also designed to

the same specification and simulated, showhign 7.8. As shown, the proposed transformer

has lower conduction losses and therefore provides higher efficiency compared to the inserted
segmentakhunt (conventional) topology.

7.4 Experimental verification

To verify theoretical analysis and simulation results, an integrated transformer based on the
proposed structure with specifications presentdéile 7.1 is built and its prototype is shown

in Fig. 7.9(a). For comparison, an integrated transformer with inseségsnentashunt(1T2)
presented ilChapter 5s also built tahe same specification, shownHig. 7.9(b). The shunts

for this workweremade by cutting ferrite sheets and gluing them in parallel.

The measured leakage and magnetising inductances of the proposed topology at 200 kHz
obtained using an Omicron Bode 100 frequency analyser are shawable7.2. According

to Table 7.2, the leakage and magnetising inductances obtained by FEA simulation and
modelling areclose to the experimental results. The proposed topology does not increase the
secondary leakage inductance despite the inserted magnetic shunt. The secondary leakage
inductance, while low, is nerero because there is leakage flux in the window ardzedtt

core.
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|_Primary winding I [ Primary winding |

|Secondary winding] Secondary winding

| Solid Shunt | |_ Segmental Shunt _I
| Middle line | [ Middle line |
(a) (b)

Fig. 7.9 Prototypes of the implemented transformers. (a) The proposed trans(bFaje(b)
The insertedsegmentakhunt transforme(lT2). Core: E32/6/20/RBF4 and shunt materi
Fair-Rite M6.

AC resistance, primary seliductance and leakage inductance versus frequency for the
proposed topology and integrated transformer with insegdhentakhunt (T2,
conventional) are presentedfig. 7.10. As shown, the magnetising and leakage inductances
of both implemented topologies are very similar. However,irttegrated transformer with
insertedsegmentakhunt suffers from higher AC resistance compared to the proposed
topology and this is because of higher fringing fields due to the inssgtgdentakhunt
topology (as already pointed {Dhapter %. Therefore, the proposed topology benefits from
lower conduction losses, which verifi€sg. 7.8. As shown inFig. 7.1, in the proposed
topology, the right and left agaps of the shunt (labelld® ) are further from the windings,
reducing their coupling with the fringing field. However, in the segmental topglagy, all

of the airgaps are between the lower and upper windings and therefore they have greater

coupling with the fringing field, leading to higher AC losses.
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Conventional topology=0O— Lpp—— L, —&— R,
Proposed topology —@— L,,—E—L,, —A—R,
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Inductancegnt)

100k
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Fig. 7.10 AC resistance)Y , primary selfinductance) , and leakage inductance, |,

versus frequency for the propos@d4) and conventional (IT2,nsertedsegmentakhunj
topologies

TABLE73The i mpl ement e dpediftaon.converter ds

Symbol Parameter Value

0 d) Turns ratio 10:2

0 Magnetising inductance 29mH

0 Resonant (series) inductance 9nH

0 Resonant capacitance 39 nF

W Input voltage 4555V

W Output voltage 5V

0 Output power 25 W

Q Switching frequency 200-350 kHz

Y Switches IRF530N

0O Rectifier diodes 12CTQO045
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Fig. 7.11 Prototype of the designed LLC converter.

To verify the performance of the proposed integrated transformer, it was incorporated within
an LLC convertedesigned according to the procedure outline@apter 2Section 2.3.2)
and[46], shown inFig. 7.11 (this is the same LLC converter presented in Chapters V and VI
but with the new transformeryhe specification of the designed LLC converter is presented in
Table 7.3 in which the series and parallel inductances are integrated into the transformer.

The waveforms of the LLC converter operating at 210 kHz and 280 kHz switching frequency
using the proposeapology (IT4) and the topology with insertesegmental shur(iT2) are

measured and presentedHg. 7.12(a)-(d). It can be seen that the converter operates correctl

and the MOSFETSs are turned on at zero voltage switching (ZVS) because the switch gate turns
on after its drairsource voltage drops to zeiiche converter's switching frequency ranges from

200 kHzto 350 kHZT o0 s how the convert2/6 ostheswitphasbat | i t y
different frequencies and its proper operation, the waveforms for two different switching
frequencies (one low and one high) are presented.

As discussed irBection 2.3.2, the choice of frequency range for designing the resonant

components of the LLC topology should be based on the availability of your hardware and
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Fig. 7.12 Experimental waveforms of the designed LLC converter utilising (a) the prc
integrated transformeriT4, ("=210 kHz), (b)the inserteesegmentakhunt integrate
transformerIT2, ("(=210 kHz), (c) the proposed integrated transforriet, (=280 kHz)

(d) the insertegsegmentakhunt integrated transformdi 2, (‘=280 kHz).w

is drain tc

source voltagep is gateto source voltage ariis the resonant current (definedriy. 5.1).

efficiency optimization considerations. The frequency range for taQverters with power
less than 50 W typically falls within the range of a few tens of kilohertz to a few hundred

kilohertz. The actual frequency will depend on the specific design and application requirements

of the converter.
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