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SUMMARY

Over the past decade, electricity generation andsumption patternfiave
undergone a profound transformatidrhe rapid and largecale adoption of renewable
energy sourcedas dramatically reshaped generatidynamics and challengedthe
traditional produceconsumemodel.In paralle] theemergencef newelectricityusags
0 such alectric vehicles fast chargingrgescaleatrtificial intelligence data centeasnd
the resurgence of domestic manufacturihg has reverseda decadedong trend of

declining peak electricity demaraahd disrupted traditional logarofiles

Theseshifts are placing significant strain othe agingpowergrid infrastructure.
Thegrowingintegration of invertebased resources has introduned challenges fagrid
stability due to their lack of inertia amherentvariability. Interconnection queues have
ballooned to unprecedented levedsdlong delaysin energizingnew project are now
common at all levels of thgrid. In responsemany new grid connectiongcrossthe
residential, commercial, and industrial sectamsv seek to integrate emgr storage,
generation andbadsin a single locationThis evolution marks a paradigm shift toward
distributed, flexible, and resilient energy systems. Microgrids, @oosidereda niche
solution have becomeentral to grid modernization effortsy enabling coordinated
integration of multiple energy sources and loddewever,their deployment remains
constrainecdby the limitations of conventionalpower electronicand typically requires
separate, singliunction converter for each asséhis fragmented approach complicates
coordination, protection, and control, increases system cost and footprint due to duplicated

conversiorsystems andtages, and reduces overall efficiency.
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To address these challenges, there is a growing neawke¥omultiport power
converters (MPC) capable of interfacing multiple sources and loads within a-Siagée
conversion structure. Althougthis has been recognizeshrly on most proposed MPC
architecturesn the literatureremain highly specialized, rigid, ardb notscale well
Proposediesigns typically support only a few podis often limited to three or fourd
with fixed connection characteristitargeting very specializeapplicationsMost of the
research has focused on @ly configurations, with galvanic isolation achieved in only
a few cases through complex magnetic designs. MPCs incorporating AC ports are rare and
generally limited to one AC and a couple of DC connections. Overdalting MPC
approaches lack the flexibility, scalability, and integration capabilities required to meet the

growingdemands of modern microgrid applications.

This dissertatiorintroducesand extendswo families of singlestage fowrguadrant
soft-switching current source converters to reafigevflexible MPCs.The multiport soft
switching solidstate transformer (MS4T) familguilds uponthe previously introduced
S4T tgology, extending it tan MPC structure with higfrequency isolationThe newly
proposed multiport sefwitching current source inverter (MSSC&linily offers a non
isolated MPC solutionhat trades isolation fancreased power densitoth converter
families can suppo#dn arbitrarynumber of portswith each port fully configurable for AC
and DC connection and bidirectional power flow. Tise of fourquadrant zerwoltage
switching (ZVS)technique€nsures higndsymmetrical conversion efficien@cross all
ports and operatingnodes and supports active modulation of every paithin the
switching cycle Additionally, the currensource nature of the topologies simplifies

paralleling enabling straightforward power scaling.
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The underlying topologies and operating principles of the MS4T and MSSCSI
families are presented in this work, and their unique features for multiport operation are
highlighted. Novekontrol techniqgues and modulation principlesiateoducedto enable
the operation of the two converters families urttierchallengingnultiport fourquadrant
conditions A new universal resonant transition control strateggieigelopedio ensure
robust softswitchingand protect thesemiconductors from destructive stresslemlarge
transiens. A novel generalized modulation scheme also proposed to eliminate
semiconductor overvoltage stress under -guadrant multiport conditions. Both

techniques arealidated experimentally using MS4T prototypes.

Key designconsiderationof the converter families arelso introduced in this
dissertation A detailed analysis and optimization frameworkpiesented teselect the
Pareteoptimal resonantircuit elemens andoptimize performanceacrosshe multiport
application space. Thesultsare validated through simulation and experimetasiing
Furthermore, th®C-link magneticsthat operate under DC bias flux conditiansboth
families, are designed using nanocrystalline materials, which aperimental
characterized in this work undérose atypicatonditions The resultsndicatea more
pronouwnced increase in core losses under DC biasgranouslyreported in the literature,

informing the design of efficient magnetic componentdfith the MS4T and MSSCSI.

The MSSCSI familyis based om novel topologyderived in this researdhat has
not been previouslyeported in the literatureA prototype MSSCSI has been built to
experimentallydemonstrateand validate itsfundamental operating principles under

multiport DC-DC-DC and DCDC-0%AC configurations
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Finally, to support and enable the next generation of flexible, scalabléighd
performancenultiport power electronics systenasjovelsystemarchitecturas proposed
based on the MS4T and MSSCSI building blodkain designprinciplesand fundamental
control strategyare introduced and illustrated through simulatmfnha representative

500kW multiport system.
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CHAPTER 1. INTRODUCTION

1.1 Problem Statement

The pastdeca@ haswitnessed profoundtransformatiorin electricity generation
and consumption patternBriven by plummeting levelized cost ehergy (LCOE) and
growing environmental awarenedse adoptionof renewable energy sourcesch as PV
and wind hasncreased exponentialgnd reached an diime highof 25 GW deployed in
2023 (PV capacity amounted to 18@W of deployment)accounting for73% of new
generating capacitpdded to the U.S. power grid the same yealRenewable energy
sources including gridscale battery storag@re once again set toave far outpacd
conventional generating capacity deployment in 2024, accounting for 94% of new

deployment in the latest EIA estimafé$.

Over the same periodhew energy usagehave emergedquickly reshaping
traditional load patterns. That is the case of electric vehiclesEWast chargingdDCFC)
that requiregdarge amount of DC power over short periods of firesulting in very poor
load factorsand a challenging charging infrastructure deployment model for utilities and
operators alikeA record 1.2 million electric vehicles were sold in the U.S. alariz023,
accounting for 16.3% of ligkduty vehicledLDV) over the sameeriod up from 12.9%
of total sales in 202f2]. Even stronger electric vehicle penetration has been reported in
Europe and AsiaAn estimated 3 million EV LDVs were road registered in 2023 in the
U.S. and together consumed an estimated 7,596 GY¥ve, times the estimated
consumption of 201&ndsurpassing fothefirst time the annual electricity consumption

by all domesticrailway system$3]. NREL estimates that the peak hourly load from EV



charging could reach 82 GWhdmdamount to amnnual load of00 TWhin 2036 across
the U.S[4]. Anothertransformationaénergy usage lies in the exponential growth of data
center operations in the U.S. and worldwideven by theincrease demand ioloud
computing anddigital services as well ahe broad emergence gastly moreenergy
intensive generative artificial intelligence (Al) modéts2023 data centers accounted for
150 TWh or 4% of the total U.S. generation, up from an estimated 80iT\202Q and

are projected to balloon spproximately 400 Wh/yr or 9.1% of the total U.S generation
by 2030 according to a recent study by EFRI It is not unusual for new datacenters
deployments to be built with capacities ranging from M@ to 1000 MW (roughly
equivalent to the loads from 800,000 hoindshis representanprecedented new large
point of loadsto be connectetb the gridin one to two yearandchallengs established
utility planning model§ new transmission and generation typically take 5 to 10 years to

deployi resulting inserious local and regional electric supply challenges.

The rapid change in electricity production and usage patteonsbined withthis
renewed and extreme load growhbringing tremendous strain on thgingelectric grid
T most of the U.S. power grid has been built in the 60s andTHas North American
Electric Reliability Corporation NERC) in its 2024 long term reliability assessment
reportedsteepeelectricity peak demand and net enefgecastgrowththan at any point
in the past three decad@s shown irFigure 1.1 [6]. This continues the sharp reversal of
forecasted growth rates observed since 2022, ending an almedétade long trend of
falling or flattening load growthin another trend highlighting the heightened tension
imposed on the power gridhe Lawrence Berkey National Laboratoryreported the

largest interconnection backlog to date, with nearly 2600 GW of cumulated interconnection
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Figure 1.1: 10-year summer and winter peak demandgrowth and rate trends.

request in queue by the end of 20R®luding over 900 GW of interconnection request
addedin 2023 aloneThe typical wait time in the queu&om interconnection request to
actual start of constructipmore than doubled from less thawye&ars for projecs built in

2000 - 2007to 5 yeardor those built in 2018 2023[7].

Grid volatility has reached unprecedented levels due to the rising integration of
inverterbased resources (IBRs) such as solar PV and wind, which inherently lack inertia
and robust ridehrough capabilities. Thisvolatility is further exacerbatedby the
increasinglyvariable and less predictalgeneration and demapatternsacross both time
and geography8]. To maintaincontrollability andreliability, additional fexible grid
resourceshat can be dispated on demandare needed6]. Battery Energy Storage
Systems (BESSyre being deployed at an unprecedented rate to provide some relief. The
U.S. grid BESS capacity is expected to have nearly doubled in 2024 to reach roughly 30

GW installedand representing 23% of new grid capacity added in the ye2023 alone



6.4 GW of new BES%®/as addedo the U.S. grid1]. Out of the 2600 GW interconnection
backlog, 1030 GW of BESS are actively seeking connection. More importawly half
(53%) of all solar projects in the queue now include collocation of battery stoeéeyeed
to ydoLr vdd gigwgle do]. Simikarly, over half of the planned BESS
deployments are collocated with some other energy souragherwords virtually all

power generation projects seeking interconnection this year include battery energy storage.

This isindicativeof a trend happengnthroughout the entire power gritiom the
bulk power systendown to the distribution systemwherenew grid connectioginow
require interfacingand coordinatingnore than one energy soureeg.PV) and load€.g.
battery, facilitiesetc) at the same point of couplingt the grid edge, EV charging staten

increasingly seek to integraber-site solar and battery storatgeminimize utility upgrade
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Figure 1.2: Capacity in interconnection queues 2014 2023 by resource type and
deployment type. Hybrid includes battery storage and energy resource.
Standalone is energy resource deployment alone.



and reduce energy cofl0], [11], [12], [13] Residentiasolar PVincluded battery storage

in 60% of new deployment in 2024 nationwide up from 33% in 2023 according to a leading
residential solar providdi4]. Larger industrial loads and datacenters also increasingly
collocate with orsite or nearby generation and stord@8], [16]. The principle of
deployingmultiple energy soursandstorage together with site lasldas been knowfor

over a decade as microgrids and has been showedtmecost of energy and increase
resiliency.This is now becoming critically importanasthe energy system contirai¢o

grow. Microgridsarealsogainingnational interesin an effort to enhance the resiliency of
the power grid with several large scatatiative including the Department of Energy

(DOE) Grid Resilience and Innovation Partnersi@iR(P) Progranjl7].

Power electronics is at the forefront of thisprecedentedknergy landscape
transformationMost new grid connections require power electronics conversion, and in a
lot of deploymentsthe coordination and control of more than one energy source, storage
and load is necessaryoday, this is achieved using a collection of separate power
electronics systems, each dedicatethtoconnection of one asset (e.g. solar inverter for
PV, battery inverter for BESS, EVSE for EV charging, etand ultimately paralleled
behind the same point of common coupling (PGE)interfacewith the grid. The
coordination, protection and control of this disparate set of power electronics systems is
comple, lengthy and expensive, and significant overbuild is inevitable with the
duplication of power conversion functi@nThe spaceequired for deployment is also a
challenge in most griédge applicatins.Figure1.3 shows an example a@fstateof-the

art electric truck charging microgrid facility deployed by Prologis and Maersk in[28R4



Figure 1.3: Example of state-of-the-art 2024 electric truck charging microgrid
facility by Prologis and Maersk with 9MW DCFC, 18MWh BESS and 2.75MW of
flex-fuel generation. Estimated 440ft x 65ft footprint for power equipment.

The facility includes 9MW of DCFC, 18MWh of BESS and 2.75MW gaeration,

claiming an estimated 440 ft x 65 ft for the microgrid power systieme

Most of thepower electronics researolier the past few decadeas been focused
on the improvement of singkunction power electronicshighly specialized devices
targeting specific applications. Througbpology innovation, modulation and controls
advancementsmprovementsn power semiconductors, passive components, magnetics
packaging, cooling techniques, and many more achievenpaw®r electronicss now
ubiquitous,andhas reachednincredible level of performance, reliability, density, while
continuously decreasing in cogtere is no doulthe next decades witlontinue to sea

multitude ofaccomplishments in this excitirigld.

Howeverthere has not beesignificantfocus on the development of flexible and

dmultiportd power electronics designed to directly interfagi¢h, and control multiple



sources and loads in a singlenversionstructure There nowis a pressingheed for such
multiport power electronigsto simplify, accelerate and support the new rsdiirce
multi-load grid deploymentsequiredby the ongoing energy transitioand insatiable

power demand

A few systemdriven requirements can be identifiédr future multiport power

electronics

1 Native multiport conversionthe multiport functionality should bachieved
with a singlestage multiportonverternot throughnterconnection of multiple
singleinput andsingleoutput power converters. This is critical to maximize
power electronics utilizatioand defines true multiport power electronics.

1 Multiport energy routingmultiple (i.e. more than threeslectricalconnection
ports with fast, simple and coordinated control of bidirectional power flows
from any port to any port, and many ports to many ports.

1 Flexible no predetermined and fixegort function All ports should be
identical, supportidirectional power flow, and be capable &C or DC
operation This is to standardize the hardwarEhe gplicationspecific
configurationshould bedone in software.

1 High andsymmetrial efficiency the conversion efficiency should be identical
from any port to any port. High efficiency should be achiewe@domparable
levelsto that of singl€function power electronics.

1 Modular. use modular multiport power electronics building block that can be

containerized for rapid deployment agakily replaceable in the field.



1 Scalable the power electronics should be able to parateicale to address
deployment size ranging from 500 kW to 20 MW or mdfieggh frequency

galvanic isolatiormay be required in many deployment cases.

1.2 Research Scope and Objectives

The objective of this research is tievelop new multiportonverters to serve as
building block for multiport power electronics systentkat can realize the desired
functionality detailed abov@wo single stage fouquadrant sofswitching current source
convertersaarepresented to enable multiport power electronics. One based on an extension
of the softswitching solidstate transformer (S4T) to full multiport operation, the other
based on a novel sedwitching current source inverter (SSC®&ding off highfrequency
galvanic isolation for increased power densitBoth convertersrealize zercvoltage
switching (ZVS)across the entire load ranged underfour-quadrant operationThis is
crucial to natively support a multiport conversion structure with flexible AC/DC
bidirectional pors, and enable all ports to be modulated in every switching cycle for fast

andprecisepower flow control.

The main objectives of this work are:

91 Derive and extend the fundamental topologies and switqbrimgiplesfor
single-stagemultiport operation

1 Develop and generalize the modulation and switching control mechanisms
under multiport fowguadrant operatignincluding strategies to minimize

device stress the singlestage currersource multiport structures.



1 Design optimizeand demonstratsingle stagemultiport power electronics
building bloclks from the topologies presented in this work

1 Introduce systenrfevel designconsideratioa and architecturdor future
multiport power electronics systems using $ivegle stage multiport power

electronics building block

1.3 Outline of Chapters

CHAPTER 2provides a review dfaditional architecture for microgrid deployments
as well as prior work on multiport conversion available in the literature. Key features and
limitations of the various approaches are discusBeid.chapter also includes a review of
soft-switching techniques in forquadrant converters found in the art, an enabling feature

in the proposed work, and discusses some of the challenges with the existing methods.

CHAPTER 3presents the two families of sefvitching current source topologies
proposed in this work to serve aduilding block in future multiport power electronics
systems. The fundamental working principles, the extension to multiport operation, and the

key features of both families are discussed in detalil.

CHAPTER 4introduces a novaliniversalresonant transition control strategy to
enable a robust and reliable operation oftthk@ converter families under the demanding
multiport fourquadrant conditionsonsidered in this workandto ensure universal ZVS
softswitching. The approaatelies on new sensing circsand control mechanisms and is

demonstrated both in simulation and through experimental results presented in this chapter.



CHAPTER 5presents a neweneralizedmodulation scheme to eliminate the
overvoltagestress phenomenon observed across the reverse blocking pesitbnsof
the converter families, particularly under fegwadrant multiport operatiorDetailed

analysis and experimental results are provided to suppanhthersalapproach

CHAPTER 6provides a complete closédrm modeling of the resonant circuit
dynamics used in thevo converter families and introduces an optimization framework to
help select the resonant elememisthe complexmultiport conversiondesign space
Simulations results are presented to validate the analgicalations and experimental

measurements are used to confirm the modeling work.

CHAPTER 7reports the new experimental findings generated in this work on the
impact of DC flux bias in nanocrystalline cores. It is shown that DC flux bias conditions
appearto significantly increase core losses when superimposed #®Caflux ripple,
beyond the displacement levels reported previously in the limited literature avaifable
the effect. The results are important for the design of the magnetics in the proposed
multiport power electronics building blocks, and may find applications in other current

source topologies.

CHAPTER 8 presents experimental results for the novel -isolated soft
switching current source inverter topology family proposed in this work. The results

detailed in this chapter providiee first experimental validation of the topology in the art.

CHAPTER 9 introduces a multiport power electronics system architecture
leveraging the new multiport converter building blocks proposed in this work. Key system

design considerations, fundamental control architecture and system simulation results are

1C



provided. A brief systeAevel comparison against the conventional microgrid deployment
approach is also included to highlight the anticipated benefits of the new architecture

enabled by this research.

CHAPTER 10presents theonclusions of this dissertation, summarizes the main

contributions from this research and suggests a few directions for future work
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CHAPTER 2. LITTERATURE REVIEW AND PRIOR ART

2.1 State of theArt in Multiport Conversion

The needfor new power electronics systems to act as flexdpid interface
coordinatingnultiple AC or DC energy sources and loads has been identified over a decade
ago. In a 2011 pap€t9] a fittinglynamedb e ner gy rout er & concept i
an integratedievicewith threebidirectionalinterfaceports one mediumvoltage 3phase
grid connection, on8-phaseAC port connection (up to 480V) and one DC gd@0V).

While this provided théasis fora tri-port grid interface systenan unusual concept for
the grid of the time, the unprecedented change in the power systeem by the
el ectrification of everyt hilargpdscak (i.ahord ec ar b
ports), flexible and standardizedultiport power electronics solutionk.is also cleathat
although MV solidstate transformer§SST) capable of direct connection to the medium
voltage distribution system (> 7.2kV AC)Vebeen thed h odrayl 6f power electronics

for many years and kia attracted significant researoffitheir own a MV interface is not
essentiato achieve the functionality expectedratiltiport electronics systems and may
insteadlimit the flexibility and scalability of the structur@he converse is also true
multiport strut¢ures integrated with the MV interface might unnecessarily add complexity
to anotherwiseelegant SST front endnstead|t is felt thatmultiport electronics should

be investigated and developed separately fronMWeSST track,n alignment with the

current research effort in the araadasis the case in this work.
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2.1.1 ConventionaHybrid Power SystemArchitecture

The most common approach to realizing a matiurce, multioad systemis to
dedicate one poweelectronic systenper asset(source/load) andnterconnectthese
through a common busr power exchangerlhis approach has been extensively used in
hybrid solar and battery storage deployments, and is perhaps best captnoeidin DC
fast charging stationshererenewable energy sources, battery storage and multiple large
DC loads (electric vehiclegye interconnected and coordinatezhinda common utility
connection point (PCQ11], [20]. Two main architectures apmssibleas shown irFigure
2.1, depending on the interconnection bus used: AC interconnection (Type 1) or DC
interconnection (Type IThe type Il architecture presents some advantagesrms of
power transfer efficiency between the DC sources and laadseduces the number of
power stagewhen high frequency isolation is requiteetween DC assets. This is because
high frequency isolation isredominantly achieved in a DC/DC conversion stage such as
a dual active bridge (DABInd an inversion back to A&upled architectunerould require
an additional DC/AC stagedowever,increasedcomplexity in the protectioonf Type I
andthe broader commercial offering of conversion systdessgnedo connect to the AC
grid (e.g. ®lar inverter system, A€oupled battery energy storage system, fast charger

system, et make architecture Type | the most commonly used today.

The limitations of this system architectuedying onmultiple conventionakingle
input singleoutput power conversion systenone per source or loadiere understood
early on[21]. Aside from the appareststemoverbuild caused bthe multiplication of
power conversion systerrsading to increased cost and large system footprint, there are

numerous challenges in the control and fault protection of this architecture. The control
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requires fast communication between the individual conversion systemgftanda
redesign of the control loopsf the individual converters. Thaddition ofa sitelevel
master contrak alsonecessary to ensure proper coordination. ihagparticularlytedious

task that is very specific to each deployment given the wide variety of commercial
conversion systems used, each with differentdafned control strategies, which adds
significant engineering cost and time to the project and does not $bal@rotection
nearly always demands a complex switchgear dettiicated breakers pstatic converter
systento meet local protection and certification standards, again adding to the deployment

size, complexity and cast

Anotherissueis the inherent lowtilizationratio or load factoof this architecture.
Analyzing theratio of the average power flow through givenpower converter system
over a period a time (e.g@4-hourwindow) to the nameplate power rating of that same
system, it istraightforward to recognize that any power converter syseslicated to the
connection of largely variable source or load will shelew utilization ratio. As one of
the main drivers for hybrid power systems or mstturce multioad deployments is the
interconnection of varying sources (e.g. solar PV) and varying loads (e.g. EV fast charger,
battery storage system), this architecturdasindto suffer from poor utilization ratio

overall further highlighting its inefficiencies

2.1.2 Multi-converterMultiport Power Electronics

A first naturalapproach at developing multiport power electrosigkutionsis to
integrate allpower converterfor multiport functionality in aself-contained systenT he

most commonly used structure follows architecture Type Il shdwgare2.1, wherethe
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Figure 2.2: Five port multi-converter integrated system following hybrid
architecture type 1.

requiredvoltage source converte(®C/AC or DC/DC)are coupled together through a
common DC busgnternal to the seltontained system. If higfrequency isolation is
required on some ports, a dual active bridge structure is commsadyin series witha
AC/DC stagen casethe isolation is to be offered on an AC pdrhis methodwas used
early on in[22], [23] and continues to attracésearch interest in more recent ygary,

[25], [26]. In [22] four singlephase bidirectional AC ports anéferedin a fully integrated
systemthrough the connection of four separktéridges on a common DC busn[23] a

three port system with one unidirectional DC port for solar connection, one bidirectional
DC charging port and one single phase bidirectional AC utility connection is demonstrated
at 3.3kW Thisis again achieved by sharing the DC bus of a conventional boost converter,
an interleaved bidirectional DC converter arsgirggle phaseH bridge inverterin [24] the
authors proposeanddemonstrated 30kW five port integrated system, with twephase

bidirectional AC ports, one bidirectional controlled DC port, one direct connection to the
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common DC bus and one low voltage isolateidirectional DC load port as shown in
Figure2.2. In [25] a four port system is studied that provides one bidirectional DC port for
battery storage connection, two unidirectional DCgfortsolar and EV charging, and one
single phase AC port for grid connectiball through the DC interconnection of one buck,
one boost, onsynchronous boosand one full bridge invertein [26] two DC ports
isolated from a split phase AC port are offered in a traditiona-tmabkck DABandsplit

phase inverter structure.

A hybrid architecturavith both AC coupled and DC coupled converters has also
been studied as an alternative to Type Il with some advantage on efficiency when
transferring power between AC sources and loads without gbiogigha two stage

rectification and inversion as in the DC coupled ¢a3é [28].

The majority of the work with this approach has been focused on the derivation of
the control structure and verification of stable operation under the various power flow
conditions [22], [23], [24], [25], [26], [27], [28] As compared to the conventional
deployments detailed b 1.1that used separate and diverse power electronics systems, the
integrated design of this architecture addresses some of the control challenges previously
identified. Thesearrangementhiave now been designed to behave as a cohesive fully
integratedmultiport conversion system from their very inception, and aim to minimize the
additional system engineering required during deploymenanalso be argued that the
collocationof the multiple power converters ansingle enclosure aride sharingof some
of the ancillary systems (e.g. sensors, controllers, thermal management) bring some space
and cost savings. Yé¢hereareno t opol ogi cal i mpr dnvador@® nt s w

approach. The multiple converters used, one per source or load, and the multiple
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conversionstages in the power path still resultampoor utilization factor of the overall
structure andmpact theconversion efficiencyFurther, the structures considered are
inflexible, with a presetonfiguration of ports offerednd type (AC or DC, unidirectional
or bidirectional isolated or nofisolated) andare difficult to scale to larger number of
connection ports. It is clear th#te introduction of new conversion topologies with
intrinsic multiport structureis required to further improve eélperformanceof the next

generation of multiport energy conversion systems.

2.1.3 Multiport DC Converters

A number oftopologies have been presented in the literature to realize a multiport
converter (MPC) offering several connection ports in a single conversion striMdaste.
of the focus has been and continues to be on multiport DC converters (MBROYting
more than twdC portswithin a single stagpology [29], [30]. Originally proposed for
solar farm with multiple PV string management and hybrid vehicle drivetrains, MPDCs
have founcheightenednterestin solar and storage deploymef4] and multisource DC
fast charging32]. MPDCs topologies have commonly been classified into three categories,
based on the galvanic isolation offered: fivlated, partially isolated and isolated as

shown inFigure2.3.

Norrisolated MPDCs do not provide galvanic isolation between the ports and are
the most common category found in the literatUigey derive from the combination of
basic converter switching cells such as buck, boost,-baokt, SEPIC or more complex
structures employing capacitive or inductive couptmgchieve higher voltage conversion

ratios.Compared to Isolated MIC topologies they tend to offer higher efficiencies and
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reduced switch count, yet high conversion ratios remain challenging, and galvanic isolation

is increasingly required in modern MPC applications.

Fully isolated MPDCgprovidegalvanic isolation between evaugrt, Figure2.3(c).
Two categorie®f fully isolated topologies have beexploredn the literatureeither using

a multtwinding transformer design or coupled twinding transformer§31], [33].

The multi-winding transformer topologies deri®m the weltknown DAB [34]
first adaptedto a triport structure (TAB)offering three DC ports with full galvanic
isolation through a thre@inding transformerand later on extended to N isolated DC ports
in the multi active bridge (MABJIsinga N winding transformeais shown irFigure2.4(a).
Severakontrolstrategie®f the TAB and MABtopologies weréntroduced in the afB5],
[36], [37], yet the strong crossoupling of the power flows between the ports create
seriouscontrollability challengegspecially as the number of ports increases. The soft
switching operation originally offered in the DAB is alegtremelydifficult to achieve
across the wide range of operating conditidagther, he design of the mulinding
transformer quickly becomes a limiting factor in scaling the topol@gpyre saturation
challenges are also a frequent issue in the DAB and derivative topolBgiethese
reasons, and while the TAB and MABeoretically offer an elegant fully isolated MPDC
structure, practical demonstrations have been limited to four DC ports and modest power

levels.

Another, less studiecapproach is to use coupled twanding transformers to

provide full isolation between multiple DC poris.few concepts have been proposed
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recently around modified TAB structwim the dualtransformer asymmetrical triplgort
active bride (DFTATAB) [38] shown inFigure2.4(b), and the duaransformer tripleport
active bridge (D¥TAB) and its extension to N por{89], shown inFigure 2.4(c). The
main motivation is to minimize the power flow coupling between the ports for improved

controllability over the TAB and MAB structureat the cost of increased magnetics size
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and increased total core loss. In this category again, the extengidngbernumber of
ports becomes exponentially challenging angdlementations in thiteraturehave been

limited to triport isolated MPDC to date.

Partially isolated MPDE€ provide galvanic isolation between subsets of DC ports
but not between DC portsithin the samesubset. The most common structure provides
isolation between two sets of DC ports as showRigure 2.3(b). Besides non isolated
MPDCs, patrtially isolated MPDCs are the second most studied approach in the literature
and have been achievedth many different topologies. Virtually all proposed structures
build from a conventional DC/DC isolated topology such as the DAB.C converters
or some centerethp transformer structure to which additional DC ports are added on either
side of the high frequency transformiaroughsupplementagwitching cels or connection
to existing switching nodeia interleavinginductors[29], [31]. An example of a modified
partially isolated DABderivativepresented if40] is shownFigure2.5(a), with four DC
ports and galvanic isolation between pdrt,2} and pors{3,4}. In[41] a modified hal
bridge structure is proposed to realize a partially isoffmtedinputs oneoutput structure
shown in Figure2.5(b). Existing switching nodes can also be leveraged in conventional
isolated DC/DC topologies such aqd42] where a fullbridgeLLC structure is turned into
a triport partially isolated MPDC with the addition of a thzdnnection port using
interleaving inductors connecting to the phase [EggJre2.5(c). The main advantage of
partially isolated MPDC is to offea flexible grounding scheme through a number of
independently isolated DC port sets, typically two, while offering simpler magnetics
design, reduced semiconductountand higher power density than fully isolated MDPCs.

This helps explain their popularity amongst MPDCs with galvanic isolation.
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Figure 2.5: Partially isolated MPDC topologies: (aDAB derivative [39], (b) half-
bridge derivative [40], (c)full bridge LLC derivative [41].

Although MPDCs have attracted most of the research effort in multiport converters
over the pasi5 yearsvirtually all proposed implementations remain very specialiaed
a single and specific applicatiorThey are isolated, nesolated, partiallyisolated

MPDCs,come in single input multiple output (SIMO), multiple input single output (MISO)
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or multiple input multiple output (MIMO) configurations, offemn aeclectic set of
unidirectional and bidirectional partand support buck or boost functionaliggain

specific to each port.

An exampleof highly specialized non isolated MPDC is introduce{i] where
three unidirectional DC ports andne bidirectional DC port are realized usirs
combination of buckboost and boost switching cells for solar, storage wind and DC load
residential microgriddn [44] the authors introduce a bidirectional Aignlated buckboost
MPDC with three DC ports for hybrid battery and ultracapacitor energy storage sistem.
high-gain triport norisolated MPDC is proposed i@5] based on boost and flyback
derivatives to interface a fuekll and lowvoltage battery of hybrid electric vehicle @o
higher voltage unidirectional load port. Anothrecentexample of specialized partially
isolated triport MPDC is proposed[#6] to interfacewo low voltage battery buses at 12V
and 48V, respectively, t@an isolated higher voltagenergy storage battery in EV
applicatiors. While most of the work reported in the literature focuses on volsagece
based structures with limited number of ports, some efforts were presefMet] 48] to
developa scalablenorrisolated MIMO MPDCwith N input and M output ports, using a
current source structure. Yet the structures introduced only support unidirectional power
flow. In [48] a highfrequency resonant link is further introduced to offer zero voltage
switching and achieve higher efficiency. This has been a general trend in MPDC
development where the addition of ssititching mechanism&ecome increasingly
important to maintain good efficiency with a higher number of ports where multiple
switching actions are required per cycle, and to limit EMI challeffgs A noteworthy

attempt arealizing a flexible isolated MIMO MPDC with symmetrical and reconfigurable

24



port is introduced if49] based on a MAB architecture. Whileghbrings much needed
flexibility to the very specialized architectures more commonly found in the literature, the
magnetics design and the controls, owing to the underlying MAB architecture, become

incredibly complex and limit scalability.

Anotherclearand intrinsic limitation of MPDCs is their inability to process AC
powerflow. It is straightforward to buildreMPC with AC porsby adding inversion stages
to the DC ports of any of the MPDC structures and this has been explored at length in the
literature, particularly when galvanic isolation is required. However, the double conversion
stage thus realized results in lower efficiency, high semiconductot aadrpoor power
density. Insteadsome work has been proposed to reabmgle stagemultiport AC

converters (MPAC) as detailed next.

2.1.4 Multiport AC Converters

Multiport AC converterdMPAC) offer several AC port connectiois a single
conversion structurer a set of AC and DC ports. The latter converter is also sometimes
referred to as single stage multiport inverter in the literaturérsf simple strategy to
realizinga nonrisolatedMPAC is to add phase legs to a conventional-kswel voltage
source inverter (VSIand thusprovide additional DC or AC connection ports sharing the
same voltage DC link bug:or a unidirectional DC port, the conventionalgBadrant
MOSFETand antipeallel diodeleg configuration can be reduced to a simmlek or boost
legand a connection to omé the DC poles is possibl&hisrudimentary structureshown
in Figure2.6(a), has been investigatédearly MPAC publications and continues to attract

some research interest includiagpundcontrols refinementfs0].
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Another approach is to add additional switching cells to traditionatléwel

inverter topologies in series with the BIGk [51],[52], as shown irFigure 2.6(b). This

generally allows for the dynamic series connection of the various DC ports and areates

additional degree of freedom in the resulting compoundediikCbus voltage for the
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Figure 2.6: Non-isolated MPAC topologies (a) VSI expansion (b) Multi DC-
source inverter [51], (c) Triport structure with passive integration of second DC

source[52].
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operation otheconventional VSI bridge interfacing to the AC pdtbwever, the number
of semiconductodevicesncreases quickly with the number of DC ports offeRractical

demonstrationghus far have been limited to two DC ports and cipé@se AC port.

Similar tothe MPDCs detailed previously,ig also possible to connect a second
DC source to conventional twevel voltage sourcénvertersusingparalleling inductors
interfacing with the switching nodes of the phase [88% As shown inFigure2.6(c) a
triport with two DC sources and onepBase AC poris realized without additional
semiconductor but at the cost of reduced controllability of the conventional VSI bridge and

strictlimitationson theratio of the two DC source voltages.

While two-level VSI are a naturdlirst avenueto derive norisolated MPAC
structuresmost of the research on MPACs in recent years has developed from multilevel
VSI topologies[54]. In [55] the authors derivka triport nonrisolated MPAC with two
bidirectional DC portand one thre@hase bidirectional AC port from the conventional
threelevelneutral point clamped\PC) and Ttype NPC. The basic principle is to consider
the conventional split DC bas offering two distinct DC source connection pqinishout
any topological modificationsas shown irFigure 2.7(a). However the modulation and
control strategy need to be adaptedatwommodate the additional control of the two
sourcesSimilarly in [56] a conventional threkevel active neutral point clampediPC)
is modified to include a floating voltage source or DC port per ANPC cell. The resulting
MPAC, shown in Figure 2.7(b) can connect thredoating bidirectional DC ports,
identified by the authors for battery connections, a bidirectional DC port and fotiase
AC port. Yet the control strategy of the structure is complex and additional voltage stress

on the semiconductors is unavoidal3enilar concepts can theoretically be applied to any
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N-level multi-level topologiedo realize a bidirectional nersolated MPAC with N DC
ports and a&inglethreephase AC porf54]. Neverthelesghe exponential complexity in
the modulation and controls and the large number of power switches required render this

approach unpractical beyond a few DC connection points.
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MPACs can also be derived from conventiomabdular multilevel converter
(MMC) and cascaded H bridge (CHB) convertaviere the floating capacitors can be
replaced with independent DC sources to cre@d BC source to h MPAC, as show
in Figure2.8. Although the approach has gained some traction for grid connected hybrid
storagg57] and has been proposed for the grid connection of PV farm with independent
string control[58], it again suffers from complex control andes alarge number of
semiconductors, and might be best suited for very large deployni®@iiW/) asintended

with theoriginal topolay for example in HVYDC applications

Most of thefocusin the literature on MPAC has been on fisolated structures
originally targeting multistring PV inverters and hybddvetrains applications and more
recently hybrid solar and storage deploymeértsvevernewapplicationssuch aDC fast

charging with orsite energy storage and solar now require MPAC with galvanic isolation.

Supercapacitor

Figure 2.8: Multi -MW non-isolated MPAC based on MMC topology[56].
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A first immediate approach is to use an isolated MPDC struatatgled with a
DC/AC inversion stage on or more of the DC ports to provide one or isaetedAC
ports. An obvious drawback of this approacthetwo-conversiorstage penaltfor power
flow between the DC and AC ports, the increased number of semicorglantbithe
overall reduced power density. Recognizing these limitatmm®me work has been
presentedecentlyto realizeisolated MPAC structures. [59] the authors introduced an
isolated MPAC for DC EV chargingased on an interleaved flyback back derivative
operating in quasiesonant modén [60] a bidirectional isolated MRC with a thregphase
AC port and three DC ports is introduced basedthree complex muhkwinding
transformers andequiring anevolved control strategy. An experimental prototype was
demonstrated at 6kWin [61] the authors introduced BMIPAC with galvanic isolated
betweertwo DC portsand one threphase AC portUsing a minimal numbeaf switches
and two impedance networks with coupled inductousk-boost functionality is achieved
However,the structure does not scale to accommodate more ports and only provides
unidirectional power flow from the DC ports to the AC port. Finall\j@8] an isolated
bidirectional triport is presented offering two DC powigh galvanic isolation tamne
singlephase AC portThis is achieved usiregmodified DAB structure with foegquadrant
switches on the AC bridgend interleaving inductors on the switching node of the DC

bridge to offer a second DC connection

While thesdopologiesdo achieve isolated MPAC functionality, they remain highly
specialized with agidly constrained numbeand typeof ports complexisolation structure

and do not scale beyond a few connection points.
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This is generally true of all MPAC structures introduced to déteually all well-
establishedroltage sourcenverter topologies, twdevel or multilevel alike, can be, and
have been to some extent, maatifto include a second DC source aedlizea single
stagetriport DC to AC structure. Multilevel structures can integrate more than two DC
source, at the cost of increasingly complex modulation and control strategies and growing
number of power semiconductors. Yet none of these apm@esachievea tue flexible
multiport structure with symmetrical ports intrinsically supporting the connection of AC
or DC sources, and very few still offer a high frequency isolation optievould seem
that modifying existing and welestablished singlsource inverter structure igelding
diminishing returns. Someurrentsource basedIPAC have been proposed in the
literature[63], including a few sofswitching examplef64], [65] demonstrating path to
higher number of portsyet true flexiblefour-quadrantmultiport power electronichias

remained elusive.

2.2 Soft-switching in Four-Quadrant Converters

One of the key features to enable high performafiegible, and largescale
multiport power electronics the use of sofswitching techniques. With se$twitching
operation, it becomes possible to increase the number ofrpodslatedwithin a single
switching cycle without compromising overall efficiency, as the structure operates
virtually without switching losses. Further, the energy balance and power flow objectives
can be controlled at the switching cycle lewld the effective switching frequanof all
ports is kept identical tthe base switching frequency, i.e. all ports are switched within
every switching cycle. This is in sharp contrast to typical t&m&ing multiplexing

techniques employed in hard switching converters to improve conversion efficiency but
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effectivelyreducing the achievable control bandwidth and increasing the lower frequency
content at the port. While thisasunderstoodearly on and softswitching techniques are
employed in the most promising MPC structures today, particularly in D@¥bi@ted
MPDC conversion topologie$our-quadrant topologies capable of AC/AC conversion
with softswitching operation over a wide operating range are not readily available. This is

investigated next.

Over the last 50+ yearspwer electronics has always had to contend with real power
semiconductors and real components, aedrttpact of theinorrideal characteristics. The
initial attempts focused on providingitigation techniquessuch as improving the
switching locus during device switching using snubbers, so the device could operate within
its safe operating area and allow device losses to be transferred to outside d@dhents
[67]. It was also clear that the switching frequency of the power converter needed to be
increased beyond the2lkHz range that was feasible at that time, so that filter size could
be reduced and dynamic performance improeatly efforts focused on the simplest
applicationsand single quadrant unidirectional DC/DC convertdesadingto the first
resonant converter topologieBy way of example, Schwarz showed a 10 kHz resonant
converter that operated below resonance to allow thyristofoffiand delivered5kW of
DC power[68]. Steigerwald showed operation of the resonant modebDBonverter
operating above resonance with gate “ofifndevices, where device tuon losses were
eliminated and diode recovery issues were mangf#d More structured discussion of
the principles of quagiesonant conversion and medésonant conversion helped to
crystallize basic principles of resonaswitching identifying fundamental differences

between zero current switching (ZCS) and zero voltage switching (Z0F)71].
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The focus shifted from resonant converters, where there was a significant penalty
in terms of resonant tank and switch VA ratings, to resonant transition converters which
clearly identified for the first time the basic principles of soft switchifng]. ZVS
principles were applied to BOC converters, realizing switch and reactive component
ratings that were comparable with the rating of converters in hard switching applications
[73],[74]. Controllability was also finally at par with haswvitching topologies and PWM
or other advanced modulation techniques were applicable, a net advantage over the
frequency modulation used in pure resonant conveftarsugh these iterations, it became
increasingly clear that the readon usingsoft switching, in particular ZVS, was to reduce
device switching losses so that switching frequency could be increased with no efficiency
penalty, while also realizing smaller transformers and filters, managoug deverse
recovery effects and reducing dv/dt for lower EMI. On the other handswitthing
converters based on ZCS principles turned out to be harder to manage, due to the reverse
recovery currents associated with Si diodes, and the high dv/dt that could cause high EMI
levels.TheDAB converter was the first bidirectional DC/DC converter including ZVS and
a high frequency transformer for isolati{8%], and has become an ubiquitous topology

todaysuccessfullyscaledup to multi-megawatt level§75].

Over the following decades many iterations of swfttching topologies were
introduced in the literatur@gnd are now widely usad isolated and noisolated DC/DC
applicationg76]. However they have not been frequendgpliedin four-quadrant flexible
[DC or ACJ-to-[AC or DC] conversion applicationglnlike in DC/DC converters where
the polarity of voltagevasalways fixed, thdéour-quadranhature made the solution more

complex. Two types of sewitching fourquadrant converters hateen proposeih the
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literature A) resonant link converters, where an oscillating link voltage (or current) defines
discrete opportunities to switch the main converter devices at zero voltage or zero current
B) resonant transition converters, where PWM operation is maintained, while additional
components shape the dv/dt (or di/dt) in the switches as they turn on and off, thus reducing

switching losses and EMI.

2.2.1 Resonant LiniConverters

The Resonant AC Link (RACL) and Resonant DC Link (RDCL) inverters were
both proposed in 198&nd were the first fouquadrant resonant converters introduced in
the literaturd77], [78]. The RACL inverter used a high frequency LC tank to form a high
frequency (20 kHz) AC link, to which power converters were connected, as shown in

Figure2.9. The power converters required bidirectional fquadrant switchesnade with
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Figure 2.9: Resonant AGlink system.
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two series connected IGBTs forming an AC switch or two-paitallel GTOs, and the
devices were switched as the voltage went through the zero crossingre3tignt
converterwas very challenging to control. As the converter state was changed at the zero
crossing, the excitation for the tank changed. Unless the tank circulating current was
maintained very high, this caused severe perturbations in the tank voltage and caused
excessive voltage stress on the devices. In addition, the need for AC switchies riesu
higher conduction loss, while the difficulty of coordinating the device switching to the
zerocrossingmade achieving true ZVS very challenging. A CSI version of tA€R
inverter was also subsequently published as the dual of the VSI version, but was not

pursued much afterwar@g9].

The original RDCL invertef80], shown inFigure2.10, added a small resonant LC
tank to a regular VSI and used the six inverter devices to achieve overall system control,
including tank excitation and a guaranteed ZVS condition for all inverter devices over all
load conditions. However, like in tiiResonanAC link, a small LC tank came with the

penalty of high peak voltage stress, which required a voltage clamp. The Actively Clamped
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Figure 2.10: Resonant DClink (RDCL) in DC to three -phase AC configuration
and representative waveforms
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Resonant DC Link (ACRDCL) inverter, shownhigure2.11, added a clamp device and
clamp capacitord ) to constrain the DC link voltage while retaining ZVS for all devices
under all load condition81]. The resonant bus capacitange) (vas chosen to control the
dv/dt to 100300 V/ | so that turroff losses in all devices could be dramatically reduced.
The DC link inducto was chosen to give a desired average link frequency under no load
to full load conditions. The link voltage was not allowed to reach its natural oscillatory
voltage of¢ @ , but was clamped at a lower voltage, typicaliyw , by the clamp
device This forced energy into the clamp capacitor and allowed the current in the clamp
switch transition from the diode to the IGBT. The toffipoint for the clamp IGBT was
controlled by the clamp voltage controller, which acted to maintain the clamp capacit

voltage at 0.3 Vdc. Turoff of the clamp switch also occurred under ZVS conditions.

Resonant link convertepovided a first step towards safivitching fourquadrant
converters. Howeverhallenges irthe controllability of the structures which had to be
built around thenaturalfrequency of the link, and overall penalty on the semiconductor

ratings limited their realvorld adoption.
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2.2.2 Resonanfransition Converters

The second class of sedftvitching fourquadrant converterare the resonant
transition converterghat provide derivative PWiapabilityand greatly improve spectral
performance over the resonant topologies introduced previcisigarly topology was
theResonant Pole Inverter (RRBatproposeda simple VSI like inverter structure which
also realized the benefits of zero voltage switcli@ig, [82], [83] The basic RPI used an
inverter pole with capacitive snubbers as showFignre2.12. Using a small filter inductor
allowed the inverter current to revem@eeveryswitching transition through resonance of
the LC poleso that a conducting device could be turneduofier ZVS conditionWhile
this gave good spectral performance that is typical of PWM inverters, it also impaessed
2x peak current stress on the devices and required a significant voltage penalty on the

achievable output voltage.

Another pioneeing resonant transition converter was tAexiliary Resonant

Commutated Pole (ARCP) inverter, shown Rigure 2.13, where ZVS turroff was
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Figure 2.12 Three-phase resonant pole inverter (RPI) and typical waveforms.
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Figure 2.13: Three-phase Auxiliary Resonant Commutated Pole (ARCP) inverter
and typical resonant transition waveforms.

achieved for the main devices with small lossless snubber capacitors across each device
[84]. However, given théour-quadranbperation required, there needed to be a mechanism

to turnoff a conducting diode and to realize a controlled dv/dt transition back to the
conducting main device. This was achieved using a small resonant inductor and an
auxiliary bidirectional switch thawvas used to transfer current from the conducting diode

to the device, so it could be turnretf under ZVS conditions. While this topology was
targeting higher power systems, the need for six additional bidirectionahsswitches

for a threephase inverter, and issues associated with diode reverse recovery for the
auxiliary switches, made these challenging to implement. Further, the time associated with
the auxiliary switch cycle represented a minimum dwell time constraihich could

exacerbate the issues of control range and diode reverse recovery.

The initial work on sofiswitching four-quadrant convertersesulted in strong
interest withmany publications exploring variations in both resonant link and resonant
transition inverter topologig85],[86]. This includesecent developments of a new family

of softswitching AClink four-quadrant converters derived from the RACL topology with
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a new modulation and control stratef@7]. In this current source structurghown in
Figure 2.14 in its isolatedform, Toliyat et. alintroduced a ZVS switching transition
strategy for all power semiconductors leveraging a guassinance of the 0 tank of

the fourquadrant link. While thigreatly reduced the ratings of the reactive elements and
the stress on the semiconductors, fguadrant switches are still requireimanage the
bidirectional voltage and current of the AC link, and the control is very complex to maintain
the stability of the AC link antimit the maximum voltage during resonaniteaddition

the operating frequency of the linknd therefore the switchirigequencyof thestructure,

varies widely with the loading of the converter
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Figure 2.14: Isolated softswitching AC link and typical switching waveforms.
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Amirabadi et al. introducednother family of sofswitching AC link converters
based on further evolutisrthe original sofswitching fourquadrant AC link converters
[88]. As shown inFigure2.15, by employing a series configuration of the Aiik LC tank
and operating the link very close to the critical conduction mode, it is possible to use three
guadrant reverse blocking switches. The ZVS transition of all power semiconductors is still
ensuredy a quasresonance of the AC linland the AC link voltage lipped back at the
end of switch cycle by allowing an inversion of the inductor current through the link

capacitor.However, constant switching frequency is still not possible as the AC link
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Figure 2.15: Isolated softswitching AC link and typical switching waveforms.
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operating frequency varies widely with the loading level, and controls of the AC link
remains complex particularly to limit the maximum voltage during the final resonance and

maintain ZVS operation.

Despitethese most recent developments in-sefitching fourquadrant converters,
including a renewed interesh softswitching current source topologjesxisting
approaches remain too complex in controls or practical implementation to enable flexible,

scalable fomiquadrant multiport power electronics.

2.3 Conclusions

The conventional approach to realizimgltiport power deployments to dedicate
one standard power electronggstem per port and interconnect the multiple conversion
systems through a common DC or AC bus for power exchange. Varied levels of integration
of the multiple power electronics systems have been proposed in the literature to simplify
implementationHowever the duplication of the conversion function, one per port, results
in large system footprint, high cosumbersomgrotection schemeand poor utilization
factorof the power electronics. The contasld ®ordinationof the multiple discrete power
electronics systems is complex and operaiéslow bandwidth This require®versizing
the transient energy storage on the interconnection bus, and within the converter
themselves, to decouple the system pamtsin turnlimits the dynamic performance of the

approach. The multiple conversion stages edslnicesystemefficiency.

The limitations of traditional singl@put singleoutput power converters in
multiport systemapplications are well understood avatious topology derivativelsave

been introduced in the literatureralize @ MPC offering multiple connection ports in a
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single conversion structuréhe initial focus, and most of the MPC work to date has been
on multiport DC convertersupporting several DC connection poHawever,nearlyall
proposedVIPDC implementationsre highly specializedand characterized by rigid port
configurations with predefined functionaliti@&ssuch asunidirectionalor bidirectional
power flow, galvanic isolation or direct couplingand fixed conversion capabilities
includingbuck, boost or buckoost. Most of the approaches have deaited tothree or

four DC portsand appear difficult to scale in power and to a larger number of ports.

MPCs with AC connection portsave also beeresearched yetre less represented
in theliterature.Most of the work derives from the extensiorttod well-known twolevel
VSI topologyto include a second DC source and realize a sstgigenon-isolatedtriport
DC to AC structure. MultileveV' Sl structureshave also been investigated aiaah integrate
more than two DC soursgat the cost of increasingly complex modulation and control
strategies and growing number of power semicondudfery. few MPAC structures with
high-frequency isolation have been proposethe literature. They use compleagnetic

or topological structures, and do not scale beyond a few connection points.

Overall none of the MPGapproacheitroduced in the literaturachieve a true
flexible multiport structure witla set of generibidirectionalports intrinsically supporting
the connection of AC or DC sources, and very few still offer a high frequency isolation
option. The majority ofthe implementations have been limited to low power levels and
designed to support a few ports in very specific applications. \&itee limited work has
been proposed to realize MPDCs with symmetrical and reconfigurable o€, e
development ofruly flexible fourquadrant mulport power electronicsemains largely

unachieved This researchintroducesand extendsiew concepts in fouquadrant soft
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switching current source convertdrs realizea new breed oflexible multiport power
electronics. By advancing the desigperational principleand control techniquex these

new multiport converters, this work aims at enabling the next generation of flexible,
scalable and higperformance multiport power electronics systeasselaborated in the

subsequent chapters of this dissertation.
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CHAPTER 3. SOFT-SWITCHING CURRENT SOURCE

TOPOLOGIES FOR MULTIPORT POWER ELECTRONICS

3.1 Intro duction

Two families ofsinglestage fowrquadrant sofswitching currensourcetopologies
areintroducedin this chapteto serve as building block for multiport power electronics
that can realize the desirable attributes and functionality discussed thBetfaiamilies
achieveZVS switching across the entire load range and underdoadrant operatioto
enablehigh control bandwidth in multiport configuratigngrovide a symmetrical and
flexible structurethat can scale to mangorts, andsupport bidirectional AC or DC
conversion on any port. Further, the current source characteristic of the topologies
simplifies the paralleling of multiple converters to scale in power. Thedimsty is based
on an extension of the recently proposed-Swavitching SolidState Transformer (S4T)
[89] to offer an isolated multipostructure The seconfamily derives fromthe novel soft
switching current source inverter (SSC8igsented in this worthat operates at double
the power density of the S4and is extended toffer a nonisolated multiporstructure

Both are detailed next.

3.2 Multiport Soft-Switching Solid-State Transformer (M S4T)

3.2.1 BaseS4TTopology

The SoftSwitching SolidState Transformer (S4T) introduced[89] proposed a
unique, singlestage, and selfontained sofswitching current source topology with

attractive features including highequency isolation, zereoltage switching (ZVS) across
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the entire load range with controlled dv/dt, flexible AC/DC input and output, voltage buck
boost conversion capabilities, and bidirectional power flow. Tren focus on the
topology has since beam variousmedium voltageSST applicationand demonstrations
[90], [91], [92] Instead, this work aims at extending the topology and its unique attributes

to support the next generation of multiport power electronics.

A typical implementation of the S4T is shown kigure 3.1. It consists of two
current sourcenverter (CSloridges connected through a hifjaquency transformer, and
two resonantircuits one on each side of the transformer, enabling thesaatithing
conditions for all power device#n this exemplary implementation each current source
bridge ismade ofthree phaséegs as s typically the case in all S4T implementations to
date.Owing to the current source nature of the topology, each switch position requires a
reverse blocking switch having bidirectional voltage blocking capability and allowing
unidirectional current flow. This is realized by the series connection of two powieeste
a controlled switch, typically a SiC MOSFET, and a S€hottkydiode to eliminate
reverse recovery issuess shown inFigure 3.1, this S4T implementation can readily be
configured to realize a partially isolat&goort converter with two bidirectional DC ports
sharing a common reference poiatg.connecting a battery and solar PV source) on CSI
bridge 1, and a threghase AC port on CSI bridge 2. The topology provides full galvanic
isolation between the two DC ports, and the tiplease AC port. Full bidirectional power

flow is possible from anyqat to any portall with a singlestage structure.
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3.2.2 Fundamental S4T Operating Principles

The fundamental operating principles and switching waveforms of theaS4ifst
introduced in[89], are summarizedh this section This fundamental understanding is

necessary to help derive and explain the advances presented in the rest of this work.

Without loss of generalt it is assumed in this section thiae power flows from
the solar PV into the battery and the thpbase grid in the configuration shownHigure
3.1. It is further assumed thab ®w ,0 1w 0O ,3$0s SOEE and
m U 0 . The typical switching waveforms under these conditions are shown in

Figure3.2, and the associated switching states are shoWwigure3.3 andFigure3.4.

In the S4T the transformer magnetizing inductainces used aanenergy storage
element and acts as the curreatirce DGlink of the topology. The voltage across the
transformerd  and themagnetizing inductance (i.®C-link current)’Q are shown in
Figure 3.2. The switching cycle consists afseriesof active states (or active vectors)
applying varioussoltage levels across the BI®K, 4 Q4 Qe o By 4 <in Figure
32, and a oOf r e e wlypassihgithe @OGnk ¢uaentevdh, zero voltage. A
positive voltage level results in a charging state where thdirli@urrent "Q, increases,
while a negative voltage level realizes a discharging state where tHmkDCurrent
decreases. The states are applied successively starting from the most positive voltage to the
most negative voltag® enable the so&witching operationThe duration of each state is
determinedvia pulse width modulation techniques and to ensureseitond balance on
the current Ddink. The duration of the freewheeling state is adjustedo maintain a

constant switching period
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With the assumptionsfohis section, the first two active states are charging states
W W 11, applied frombridge 1, with active state 1 corresponding the PV solar
voltage and active state 2 applying the difference of the solar PV voltage and &g batt
voltage (i.e the battery is being charged by the solar PV source), as sHeiguraB8.3(a)
andFigure3.3(b), respectivelySimilarly, the last two active states are discharging states,
T @ , applied from bridge 2 and corresponding to -liodine voltagesw

andw , as highlighted inn Figure3.3(c) and Figure3.3(d).

A ZVS transition state is inserted between any two adjamiviestates to enable
the softswitching operation of the converter, as showrrigure 3.2. During this ZVS
transition statefFigure 3.4(a), the DClink current flows through, and discharges, the

capacitor or the twoesonantircuits, with a controlled dv/dt as follows:

(O] Q
Q0 cOo 0P

Where( is the resonant capacitance afeaonantank,Q is the DCIlink current at the
instant of the ZVS transition, and is the voltage across the resonant capacitor, fixing
the dv/dt switching rate of all the power devices of the bridiges mechanism enables a
ZVS softswitching turnOFFof the switches applying the outgoiagtive statand a ZVS
turn ON of the switches applying the incomagive stateBecause of the unidirectionality
of the current Ddink in this current source topologyhat is'Q 1, the dv/dt on the

resonant capacitors pes® is constrained to:

D
Q0 o8
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Therefore this ZVS mechanism can only operate to transition to an active state
applying a lower voltag&evel, such that a necessary and sufficient conditiothisoft

switching operation of the S4and its multiport variant MS4iE:
W W o

Wherew is the’Q active state in the switching cycle asd Is the immeditely

following 'Q p active state

When a transition to a more positive voltage level is required, a resonance sequence

is needed and inserted in thwitchingcycle by gating ON the auxiliary switeR™Y thus

initiating a resonance between the resonant inductor and the resonant cap#uoidwo

resonant circuits, as shownhkigure3.4b). Thi s essentially o6flipséo
voltage to a higher voltage level so that an active state with a more positive voltage can be
applied still under ZVS transition conditiorBy ensuring that any modulation scheme

used in the S4T and, even more critically, its multiport extension MBHdws condition

o® , a single resonance sequenaa be used per switching cycle as showrigure3.2,
therefore improving Dédink current utilization for active stateinally, the switching
cycle is padded with a freewheeling statéypass the DAnk current by turning ON any

phase leg, one per bridge, as showRigure3.4(c).

It is important to note that while all charging active states and all discharging
actives states are from bridge 1 and bridge 2, respectively, this is simply a result of the
assumptions used in this sectfonillustrative purposedut not a requirement. In practice
the sequence of active vectors can be applied, alternatively, by any bridge. This is a key

feature of the topology enabling its extension to full multiport operation as detailed next.
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3.2.3 Extension to Multiport Sofwitching Solid State Transformer (MS4T)

Theworking principles of thdasdine S4T summarizecabove make the topology
ideally suited to realize a partially isolated multiport power electronics converter building
block as proposed in this worklhe highfrequency transformer anithe two resonant
circuits forma core resonadtransition isolated current source Bigk that sets the ZVS
transition conditions for all power devices in the two CSI bridgls. number of phase
legs per bridge can then be increased beyond the tygieal configuration exploreth
prior work, to realize thaovelgeneric partially isolated MPC shownkigure 3.5. With
N+1 phaselegs on bridge 1 anel+1 phaselegson bridge 2, th@roposednultiport soft-
switching solidstate transformgiMS4T) extensiorcan offer two sets of up té ports and

M ports, respectively, witbalvanicisolationbetween the two sets.

A generalized switching cycle of the MSA4T is showrrigure 3.6. It consists of

up toN+M active vectors 4 B Frn- L ggfepending on how many ports are actively
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modulated irthegivenswitchingcycle The active vectararefrom either bridgecharging

or discharging the D@nk basedn the active vector polarity and are sorted in descending
order b meet the sofswitching conditiorgiven in o® . A ZVS transition state is inserted
between any two contiguous vectors which based on the operating conditions can be from
the same bridge or from two different bridgéss for the underlying S4T cycle, a
freewheeling state is added to pad the cycle and operate a constant switching frequency.
Once the moshegative vector in the cycle has been applied, a resonance is triggered to

reset the resonant circuit capacitor voltages and apply the next most positive vector.

The fundamental property of théS4T which enables universal MPgperations
the ZVS softswitchingbehaviorof all devicesunder fourquadrant conversiotWith the
soft-switching approachany device can switch with virtually no switching loss, &nd
possible to modulatany number of ports, up to all the available ports, during every
switching cycle, without noticeable degradation of the conversion efficiencyenaides
better controllability of the structure where the energy balancing acrogsegborts is
achieved at the switching cycle level, and offers better control bandwerditgher quality
waveforms. In addition, the conversion efficiency is practically identical from any port to
any port and the structure cérescala to accommodate a large number of ports in a single
stage topologyAchieving smilar attributesusing a hardswitched approacipresents
significant challenges, as the increased number of switching vectors inevedbles
conversion efficiency As a result,practical hareswitched MPCimplementationsare
typically limited to a small number grtsand ofterrequire tine-multiplexedmodulation

schemegswhich exhibitpoor harmonic performance.
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Although the MS4T extension is fairly intuitive from@pology standpoint, there
are numerous ramifications on the design, modulation, control, resonant tranamions,
semiconductors stress, because of the inedrasmber of switching statésought by the
additional power switches. This must be investigated to enable proper operation of the

MS4T and will be detailed in the rest of this work.

An immediateconstraint of the MS4T ithe sequential operation of the bridge as
highlighted inFigure3.6. Becaus®f theuse of the transformer magnetizing inductance as
energy storage element, exactly and only one CSI bridgemalg an active vector and
transfer energy with a port at any given tifiberefore the topology operates in a shunt
current DClink configuration and there is a 0.5pu penalty on the-IMR current
utilization which must besharedsequentiallybetween the charging and discharging
vectors.This is a direct consequence of galvanic isolation. A new family ofsafthing
current sourcenverteris introduced in this work where the galvanic isolation is eliminated
to double the D@&ink current utilization and the power density of the topology. This is

detailed next.

3.3 Multiport Soft-Switching Current Source Inverter (M SSCSI)

3.3.1 FundamentaBESCSITopology

The new family of multiport softswitching current source inverse(MSSCSI)
introducedin this workadapts an@éxtends the ZVS transition mechanism of the S4T to
the conventional CStonfigurationwith series DGEink inductor. Thisrealizesa flexible
four-quadrantnonisolated multiport power electronics building block for the numerous

multiport applicationghat do notrequre galvanic isolation angtieldsa 2x improvement
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in power density over the1S4T. The fundamentakoft-switching current source inverter
(SSCS) topology, originally introduced in this researdbr bidirectional motor drive
applicationsjs shown inFigure 3.7. This baseconfigurationwill be studied firstin the
following to facilitate the derivation of the operating principdéshenew family of power
converters The extension to full multiporMSSCSI structurewill be subsequently

presenteadnce the fundamental operation of the base structure is understood.

The SSCSiconsists of two standar@SI bridges connected through a series-DC
link inductor. Once again,hte CSI phaselegs requiretwo 3-quadrant reverse blocking
switchestypically realized by the seriemnnection of a SIC MOSFET and a SiC Schottky
diode It should be noted that the two CSI bridges are connected with opposite polarity,
unlike in the S4TThe softswitching operation of the converter is enabled by a single
resonantircuit connected across the EM@dk inductor. This minimal resonant ciritualso

used in the S4T, reliem a resonant capacitor, a resonant inductar and an ancillary
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switch Y, all rated to handle only a fraction of the processed poavetsets the zero
voltage switching (ZVS) conditions for all the power devices throughout the switching

cycle, and across the entire load range.

While sharing a common resonant circuit structure with the S4T, the SSCSI

operating principles are inherentlifferentand are discussed in detail below.

3.3.2 SSCSDperating Principles

3.3.2.1 Switching Cycle

A typical switching cycle of the SSC8I the bidirectionalnverterconfiguration
of Figure3.7 is shown inFigure3.8. The converter operation can be categorized into three

main phaseacrosgheswitchingcycle Active FreewheelingandResonance

During theActive phase théwo CSlbridges apply a sequence of voltage levels to
the DGIink, thereafter e f er red t o as Oactive vector so,
line-to-line (or phasdeg to phaséeg) voltages or a freewheeling statéwith the
conventions used iRigure3.7, the possible active vectors for Bridgeyl, , and Bridge
2,0 ,are:
0 ® h o o8

0 @ hohhohhoht o)

where, is the DC voltage of th®C sourcew ho hw are the thre@hase

motor lineto-line AC voltages, an@ is the zerevoltage vector applied by turning ON a
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full phaseleg of the bridge to freewheel the Bi@k current. The resulting voltage,

across the Ddink inductor and the resonant capacitor is then:

b N o

Unlike the S4Tand MS4Twhere the shurttansformemagnetizing inductance is
used as a storage element to transfer energy sequentially betwgentshieoth bridges

of the SSCSI operate simultaneously, leading to a higher utilization factor of thekDC
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Figure 3.8: Typical switching cycle of the SSCSINnDC-3% AC configuration
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current and the semiconductoi®is is the key benefit othis new converter family
achieved by trading off the galvanic isolatidgfrom o® , it follows that the possible
voltage levels across the Blfok inductor and resonant capacitor during the active phase
are from the voltage sum of the active vector pairs given by the Cartesian product of sets

o8& and o® . Inthisconfigurationv  can assume 21 distinct voltage levéser one
switching cycle, the selection, ordering and application time of the active vectors from each
bridge are determined by the modulation strategy. Thus, the number of voltage levels on
0 and their polarity during the active phase are arbitrary and depend on the converter
switching states through the switching cychd. the most in this exemplary SSS
configuration three voltage levels are observedion over a switching cycledentified
asw ,w andw in Figure3.8. To illustrate the switching states of the SSCSI it is
further assumed for the rest of this section that:

e I AgofsodEs  <s

[y

]!
T
I’r T
T

Q
Q
Q
0
With these conditions the SSCSI transfers power from the DC source to the three

phase motor and operates in buck moblee switching cycle of Figure 3.8 is fully

constrained under these assumptions and the resulting active state vectors are

W W w T
W 0 T oR)
W W ]
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Figure 3.9 shows the corresponding switching stide the three active vectors.
During active state 1 and active statd-Ryure3.9(a) andrigure3.9 (b), respectively, there
is a direct power transfer from the DC source to the thhese motor. This is again the
key advantage of theew SSCSltopology and the extended MSSG&inily over the S4T
and MS4Tin thatboth CSI bridges can be active at the same time, each exchanging energy
with a port. It is evident that this direct power transfer mode maximizes tHmbPburrent
utilizationand theoretically doubles the power transfer capability of the structure compared
to thebaseS4T, with the same semiconductor device ratiAgsive state 3 ifFigure3.9(c)
completes the active phase of the cycle with CSI bridge 1 bypassing thiekDfDrrent
and CSI bridge aintaining the same switching state as in the previous active state 2 to
meet the reference current of phases a and b. Ttasois expected ithe buck operation

of the SSCSI from the DC source to the AC load under this specific switching cycle.

The DGlink current controller enforces the widécond balance across the inductor

and resonant capacitor so that in steady state the following constraint holds true:

0 T o

where U is the average af  over one switching period.

In the form described thus far, the principle of operation of the SSCSI during the
Activephase is analogous to that of a standard puidth modulated CS©O3]. However,
additional considerations are required to enable thessofthing operation awill be

detailed in sectior3.3.2.2
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To ensure a constant switching frequency operation, the switching cycle is padded
with a Freewheelingphase, where the DIthk current is bypassed by selecting a zero
voltage vector for both bridges. This is achieved by turning ON one {d@ger bridge
as shown irFigure 3.10(a). It is apparent that no energy transfer is possible during the
Freewheelingphase Thereforejts duration should be minimized to reduce the converter
conduction losses and increase thelD& utilization. In conventional CSl, the switching
frequency is typically kept low to balance the conduction and switching losses and operate
at acceptable &€iency levels. This in turn requires large Bi6k inductor and leads to
poor dynamic performancAs a result, the Ddink current level is typically keptonstant
or controlled well above the load requirement to maintaadyconverter response under
load variationsIn the SSCSI, however, higher switching frequency operation is possible,
owing to the sofswitching feature virtually eliminating the switching losses, and the DC
link current levelcan bechanged dynamically within a few switching cycles to adjust to
the converter loading level and minimize the freewheeling time. This leaignificant

efficiencygains.

The last converter operation mode is Resonancehase. In this mode, while all
the main power switches are OFF, the ancillary switcis gated ON, under zex@urrent
switching (ZCS) condition, to initiate a resonance between the resonant capacitmt
the resonant inductar , as shown ifFigure3.10(b). At the following zerecrossing of the
resonant current flowing through switth the series diode will turn OFF naturally leading
to a ZCS turn OFF of the switch. As a fisder approximation, this instant corresponds
to half the resonant period of thed tank, and the voltage across the resonant capacitor

is the opposite of the initial voltage at the beginning of the resonance phase. Thus, this
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mode of operation provides a simple mechanism to flip the resonant capacitor voltage, and
can be triggered at will throughout the switching cycle to enable theswsifthing
operation as detailed in secti8r8.2.2 As for theFreewheelingphase, there is no energy
exchange with the sources and loads duringResonancehase and the total resonance
duration should therefore be kept to a minimum. This is possible through an appropriate
selection of the resonant elemeftsandd , while considering the voltage and current
stress levels during this pha3éis will be analyzed in detail @HAPTER 60f this work

In typical applications, the total resonance phase duration is kept wetl Lhdé ofthe

switching period.

It should again be noted thahile the DC to 3phase AC operatioaf the SSCSI
with the specific conditions ofo& were chosen to constrain the cycle and help build an
understanding of theperatingprinciple of the structurethe same derivations cabe
conductedfor other operating modesnd the working principles presented here apply
globally to the full fourquadrantand buckboostoperation of thdbaseSSCSI topology.
The same assumptions are used for consistency and simplicity in the next section detailing
the softswitching mechanism, with the understanding that the derivations hold true for all

implementation variants arapply toany operating conditions.

3.3.2.2 SoftSwitching Mechanism

Thenovel SSCSI topology and the extended MSS@ily areresonant transition
convertesin that the sofswitching operation is enabled by the resonant circuit during the
switching transitions between the active vectrgontrast to the conventional PWM CSl,

where careful coordination d¢iie gating sequends required to ensure a continuous path
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for the DClink current to flow through the bridges, the resonant capacitor in the SBCSI
Figure3.7 provides an additional circulation pathown inFigure3.10(c). This additional
path is usedn the6 ZV S t r a n sfithe converterand msered between any two

adjacent active vectors, as showrkrigure3.8.

Without loss of generality, take the exampletlud ZVS transition statéetween
active state 1 and active stateigure3.8, shown inFigure3.9(a) andrigure3.9 (b), under
assumptionso& and o&® . Under these conditiorBridge 2switchesfrom 0 ®
to 0 @ , while Bridge 1 applie® @ . The converter switching statdaring
the ZVS transitiorarerestated irFigure3.11, with additional nomenclature introduced for

use in the following derivations.

From active state 1Figure3.11(a), the ZVS transition state is initiated by gating
OFF switch®Y and gating ON switchY with switch™Y kept ONas shown irFigure
311(b). Applying Kirchhoffds voltage | aw to

two switch positions of interest are:
, o b :
G b0 o o T
where ® and w are the voltages across switch positioh and Y ,

respectivelyw andw are the lingo-line voltages of the motor, and is the active
vector applied by Bridge Note thato @ in this case, but the switching state of
CSI bridge 1 can be completely arbitrary and has no bearintheodVS transition
mechanism taking place on bridge 2, as seen in the following derivations. This is a key

concept of the topology allowing the two bridges to operate completely independently.
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From o® 1 with the initial conditonw 0o T W o0 T T at

beginning of ZVS transition stafeom the previous switching staf&y is ON ato @

in Figure3.11(a)), the voltage across switch positidfh can be rewritten as:

® oM o o o o p

Further, remembering assumptioms , ®  1and thereforew T at the
beginning of the ZVS transition stafehis means that the series diode in switch position
“Y is reverse biased and gating ON does not effectively turn ON the switch position.
Thus, as soon a¥ turns OFF, the Ddink current”Q is forced to flow through the
resonant capacitar , as shown ifrigure3.11(b), discharging it such that:

Q)
Qo

Q
3 0P ¢

QD
Qo
whereb is the resonant capacitor voltage.

From o® 1and o® ¢, and recognizing that the dynamics of the load and source

voltages can be neglected at the time scale of the ZVS transitiofi.state— —

—— T, it follows that the rate of change of the voltage across the two switches of

interest is:

Qo

Q
Q0 5 o o

0]

Thus, during the ZVS transition stathe Q #Q @cross the two switch positions

involved in the commutation processcontrolled and can be set to any target value by
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appropriately selecting following o o. Once the resonant capacitor is discharged to
the incoming combined active vector voltage leaeljve state 2n this casethe voltage

across the Ddink inductor becomes:
0 0 0w oP T

The voltages across the two switch positions of intexestis instantan then be

derived from o® mand o® Tt as follows:

op v

Thereforethe series diode in switclyY becomes forward biased and the switch

position starts conductinghote that—— 1T per o® 0), leading to the subsequent

converterswitching state, active state ith 0 D ® ho  asshown in
Figure3.11(c). This completes the ZVS state transition and the commutation between the
two active vectors has occurred with a ZVS turn OFF of the outgoing switcim this
example, and a ZVS turn ON of the incoming switth, in this case. The switching
waveforms and gating sequence during the ZVS transition state of this example are

summarized irFigure3.12.

The above derivations are basedassumption o& holding trueas it pertains to
o® p, that isthatw W TL This can be generalized into a necessary and sufficient

condition to enable the sedtvitching mechanism of the SSCSI as follows:
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wherevU is the voltage level of the incoming active vector to be applied by the
bridge, and) is the voltage level of the active vector from which the bridge is

switching.

Condition o® @is a constraint unique to the SS@8H extended MSSC&mily
and needs to be enforced on a bridge basis by appropriately sequencing the active vectors

throughout the switching cycle.

gScp ON OFF |
|

ngp | OFF ON |
| T

gSan ON |
[ T

Active State 1 transition state | Active State 2
(Fig 3.11 (a)): (Fig 3.11 (b)) : (Fig 3.11 (c))

Figure 3.12 Switching waveforms and gating sequence during the ZVS transitior
state.] {x o [ {4 -and | |+.. are the gate signals ofjx {4 _and{+. , respectively.
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This is implemented using a modified Space Vector Modulation (SVM) scheme.
Over a switching cycle, once all the active vectors selected for a bridge have been applied,
condition o® @cannot be verified andResonancehase is required to flip the resonant
capacitor voltage, and thus the Hifik voltage0 , to a voltage greater than the next
incoming combined active vector voltage levBhe Resonancephaseis introducedby
gating ON the ancillary switch as explained in sec8d2.] and is followed by a ZVS
transition state wherd  decreases to the incoming voltage level. In cases where the
initial resonant capacitor voltage before the resonance phase is not large enough to ensure
that the DGlink voltage at the end of the resonance is larger than the incoming voltage
level, an addional ZVS transition state can be inserted before gating ON the ancillary
switch to further discharge the resonant capacitor, as shokigure3.8. This flexibility
decouples the ZVS operation of the SSCSI from the input and output voltages and enables
the softswitching operation across the entire load raargeunder fouguadrant operation.
This is a key feature of th&1SSCSI family and together with th@S4T family will be
usa in the novel resonant control strategy detaile@HAPTER 4 To maximize the DE
link utilization, both bridges are applying their respective active vector sequence
simultaneously. Thus, in the most general case, the instants where coraditigrcannot
be met for Bridge 1 and Bridge 2 are not synchronized, and two resonance phases are

required per switching cycle, one per bridge, as showFigunire3.8.

This concludes the derivations of the fundamental operating principles of this new
classof nonisolated fourquadrant sofswitching current source inverters. Simulation
results of the base SSCSI topology in a motor drive configuration are presented next to

demonstratéhe approach.
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3.3.3 Demonstratiorof theSSCSDperation

In this sectiona 25 kVA SSCStonvertelin themotor driveconfiguration shown
in Figure 3.7 is simulated with the parameters givenTable 3.1. A V/f control is
implemented to generate the set of AC output voltages with a frequency rangemHa
as the voltage magnitude irscreasedo the nominal value of 480 Vrm3$he input DC
source is taken to be at constant 500 Videsesimulation conditions are purposefully
chosen to demonstrate the full belodost operating range of tegructure and confirm the
operating principles derived previouslyhe conventions oFigure 3.7 are used in the

following.

The DC-link current level is kept constant at its nominal value of 60 A. The input
voltage,w , andDC sourcecurrent,lbat, as well as the output bridge li@line voltages,
® o ho | line currents’OROHQ and resulting apparent pow@Y, , are shown iffigure
3.13. The DGlink current,"Q , and voltagep , are also shown. The results validate the
proper operation of the SSCSI under V/f control, with a stable and controlldthioC

current, softstarted from 0 A, while the magnitude and frequency of the output voltages

Table 3.1: Parameters of thesimulated 25 kVA SSCSildrivetrain configuration.

Parameter Value Parameter | Value
Rated power 25 kVA 0 350° O
NominalDC sourcevoltage| 500 Vdc 0 QO ¢y O
Nominal output voltage | 480 VrmsLL | O ¢cqgmoO
Nominal DGlink current | 60 A 0 p mat'o
Switching frequency 15 kHz 0 ¢cq' O
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Figure 3.13: 25 kVA SSCSI drivetrain simulation waveforms under V/f control
showing stable buck and boost operation of the structure.
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increase fron®pu to 1pu in 13Mns. The rampup time has been selected arbitrarily in this
simulation to demonstrate the dynamic capabilities of the converter and would need to be
coordinated withmotor and applicatiomlynamics, with the understanding that shorter
converter ramyqup times are possible but might not be appropriate for the syBtenmput
current increases proportionally to the output power to keep thEnRCurrent regulated

to the nominal value, and no inrush current is observableratugta

As identified inFigure 3.13, this simulation study also confirms the operation of
thebaseSSCSltopologyin both buck and boost voltage conversion modes, with the output
voltages magnitude increasing seamlessly above thsdDfCevoltage. Additionally, the
SSCSI generates high quality waveforms, with an output voltage and ¢atatharmonic
distortion THD) at rated power and frequency of 5 % and 2 %, respectively, and an input
DC current THD of 5.5 %, in thiglustrative simulation. As expected, the BIDk current
ripple increases as the output power delivered reaches the noalirglyet remains under
the design target of 60 % petkpeak at full power. This is achieved with a small-D&
inductor ofc v Tt "Orepresenting a little under 1 J of stored energy at the 25 kVA operating
point, more than an order of magnitude lower than the energy stored in tha<>d an
equivalently rated VSbased drivetraiff4]. A similar observation is also true for the input
and output filters, with a combined capacitance qf ‘¢ "@or a total filter energy a little

over 10 J.

As shown inFigure3.13, the DClink voltage,u , is perfectly controlled within
a v a1band throughout the simulation while the output rises to the ratetbliinee
voltage of 480 Vrms, from an initial value of 0 V. Thus the-ID® voltage stress is kept

low and constant, at 1.25 pu in this study, across the entire voltage and loadimange
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addition, to confirm the sofwitching operation under different converter operating
conditions, the D@ink current and voltage are observed over one switching cycle at the
three instants identified iffigure 3.13. The lineto-line output voltagew , output
apparent powelY , and the conversion mode are summarizetaiple 3.2 for the three

observations, and the resulting waveforms are showigure3.14.

In the three cases, the switching pattern follows the operating primofgection
3.3.2 with theActivephase, the twBesonancg@hases and tHaeewheelingphase clearly
identified in the figure. Observation Eigure3.14 (a), and observation Ejgure3.14(b),
both take place under buck conversion mode and the switching cycle structure is identical.
As the output power increases from 1 kVA to 10 kVA, the duration of the active phase
increases and the freewheeling phase becomes shorter, as expectetmuldtios study
with constant Ddink current. Most importantly, while the output voltage increases by
more than a factor of three, from 90 Vrms to 300 Vrms, the voltage stréss aiuring
the Resonancephases remains constant, and the-swftching operation is maintained

with a'Q JQ date ofr@ Q@ iduring the ZVS transition states.

Table 3.2: Operating conditions of the DGLink switching waveforms observations

Observation T o < 1. » « | Conversion mode
1 90 Vrms 1 kVA Buck
2 300 Vrms 10 kVA Buck
3 480 Vrms 25 kVA Boost
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The DClink waveforms for observation 3 at rated output voltage and power, 480
Vrms and 25 kVA, respectively, are shownkigure 3.14(c). In this case, the SSCSI
operates in boost conversion mode and the sequenaing qfd  andw s different
from Figure3.14 (a-b). Despite these radically different operating conditions, the voltage
stress oy during theResonancg@hase is unchanged and the sufitching operation

is once again achieved.

These three observations can be generalized and demonstrate the unique ability of
the SSCSI to leverage the flexibility in tlResonancephase and the resonance switch
control to guarantee the ZVS operation of all power devices, under all loading and voltage
conditions. This is crucial for applicatiswhere wide output voltage and loading ranges
are expecteds is the casa multiport power electronicg ogether with the intrinsic buek
boost conversion capability, thisis been very challenging to acl@esrimpractical with
other softswitching topologiesThe SSCStkopologyis therefore ideally positioned to
realize a nonsolated singlestage fowrguadrant multiporpower electronics building

block as detailed next.

3.3.4 SplitSSCSWariant for Multiport Applications

3.3.4.1 TopologyDerivation andSwitching Cycle

The fundamentalSSCSI topologyntroducedthus far relies on a single resonant
circuit connectedacross the Ddink inductor to enable the ZVS sedtvitching operation

of the underlying CSI structur€hislaid the foundation for theew class of fouguadrant
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Figure 3.15: Split-SSCSI topology in a triport DGDC-3W AC conf i gur ati on.

soft-switching current source inverteasd realized a simple and compact topology that
can be used for triport applications (e.g. two DC sources on one bridgepliase AC
source on the other bridge) or motor drive applicaidhe original targetHowever,
scaling the SSCSI to full multiport operation nsore effectively achieved through
modified structure, the spiBSCSI topology shown iRigure3.15. Thissimpleadjustment
enable fully decoupled and independent operation of the two CSI bridggsificantly
simplifying multiport contro} as will becomeevident throughout the remaindet this
work. Structurally, the spiSSCSI uses two resonant circuits, one in parallel with each
with each CSl bridge. The Dlihk is constructed with two D@nk inductors, one on either
side of the link to provide equal impedance in the common mode path. Note again the
opposite orientation of the second CSI bridge and second resonant cirant@eed to

the S4T.

The splitSSCSishares the same power trangfenciples as the single tank SSCSI
configuration with both CSI brilges operating simultaneouskigure 3.16 shows the
typical switching cycle of the splBSCSI in the configuration é¢figure3.15, in the case

where the power flows from the solar PV and battery to the-fitiase AC gridFurther
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assume in fis examplethateo @ ,® ® 11 A@OIEOFE:  $Osand
‘Q 1 The splitSSCSI operation is better understood considering eaciswiéthing

CSI bridge individually, and the resulting voltage profile teaghapply on the Ddink,

0 andb inFigure3.16.
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Each bridg switching cycle follows the same operating phase types as in the single
tank SSCSI, with théActive, Freewheelingand Resonancephases clearly identified.
During their respectivé\ctive phasegach bridgeapplies a sequence of activectors
further categorized based on their polarityedker charging (ib m) or discharging
(if 0 1T . With the assumptions used in this examplighin a switching cycleCSI
bridge 1 appliestwo charging vectors®  hw w0 ho and CSI bridge 2
applies two discharging vector o ® h @ .When all active vectors for
a given bridge have been applied, the bridge enters a freewheeling phase and bypasses the
DC-link current with zero vectob 1L This is achieved by turning on both switch
positiors of any phase leg in the bridge. The resultingverter and bridgewitching states
for the typical switchingcycle shown inFigure 3.16 can readily be derived frorthe
detailed analysis of the base SSCSI topologettion3.3.2and will not beanalyzed again
in this sectionThe delink current’Q results from the combinatiasf bridge 1 and bridge
2 active vectors and freewheeling vest@uch that at any given point in tinmeeglecting

the parastics:

MO — O 0 U 06 Qb B X

Therate of change of) is therefore not directly linked to the polarity of a given
bridge active vector, as seenkigure 3.16 and there is great flexibility in the control
strategy that can be applied to this topology to regulate theiRCurrent. This additional

degree of freedom can be leveraged in multiport applications for improved controllability.
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The key advantage of the spBSCSI structurés the complete decoupliraf the
operation of the two bridges. Unlike the sintd@k SSCSI where the bridges are still
coupledthrough theResonancephaseand ZVS transition state, since these involve the
same and onlyesonant circuit regardless of whibhidge initiated the state change, the
dedicated resonant circuit per bridge in the sSPBLCSI allow any given bridge to perform
a state change using its respective resonant circuit without any impae statid of the

opposite bridgeThis is detailed next.

3.3.4.2 Split-SSCSISoft-Switching Mechanism

The softswitching operation of the spl@SCSI is ensurddcally, at the CSI bridge
level usingthe dedicated resonant circuit. Throughout the switching cycle, when a bridge
needs to switch from one active vector to the next, a ZVS transition state ireeted
duringthe bridge commutation to achieve full ZVS switchinglbpowersemiconductors
in the bridge Take the example of CSI bridge 2 transition from active vector 1 to
active vector 2o while CSI bridge 1 continuously apply its first active vectar 1
Figure3.16. The resultingwitching states before, durirgnd after the ZVS transition are
shown inFigure3.17, along with the corresponding switching waveforms for CSI bridge

2 undergoing the transitioshown inFigure3.18.

From active stated on bridge 2Figure3.17(a), the ZVS transition is initiated
by gatingOFF"Y and gating ON"Y while "Y is kept ON. SincéY is turned off the

the delink current is immediately forced to flow through the resonant capacitor of the

resonant tank of bridge Ejgure3.17(b).
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It follows that:
@ o 0 o Y

It is immediately apparent thav® X, unlike o® T for the single tank SSCSI,
only depends owariables from bridge 2. Further, as showkigure3.17(b), the operation
of bridge 1 is unchanged during the ZVS transition of bridge 2. This is because the resonant
capacitor of bridge 2 provides a path for the DC link current to circulate and still exchange
power with the PV source through bridge 1. Thisgsin unlike the single tank SSCSI
where the ZVS transition statéigure 3.11(b), divert the full ddink current away from
both CSI bridges. Thughe two resonant circuit structure of the sfIBCSI fully
decouples both bridges during the ZVS transition state, and in this example bridge 2 can

undergo a full ZVS transition completely transparently for bridge 1.

Applying the initial condition on the resonant capacitor voltage of bridge 2
U O @ and recognizing the necessary continuity of voltage across the capacitor,
one can verify fromo® Ythat the series diode of switch positidh is reverse biased
and therefore the ZVS transition state remains in effect until the natural turn on of this
diode. Further analyzing the switchitapp, it is straightforward to show that the voltage
change rate across the switching devices in bridge is control by the resonant capacitor such
that:

Q0 Qo0 0




which is the exact analog ofo® o for the split SSCSI, and confirms the ZVS operation

of the bridge for the spH8SCSI structure.

From o® Ythe ZVS transition on bridge 2 ends when the resonant capacitor is
discharged ta w , that is”Y is forward biased and bridge 2 exerts the second
active vectory  , Figure3.17(c). The resulting switch positions voltage, gating pattern

and bridgevoltagesare showrFigure3.18 throughout the transition

Analyzing the ZVS transition of bridge i2can easily be verified that the necessary
and sufficientsoft-switchingcondition o® ¢ derived previously for the SSC&ipology
still applies to the spiESCSilvariant on a bridge basid his condition willthereforebe
implemented in the modulation of alariants in the converter famiip the rest of this
work. When o® ¢ cannot be met, thad when the most negative active vector of a given
a bridge has been applied in its entirety, a resonance phase is necessary to reset the bridge
resonant capacitor voltage. This can be triggered by gating ON the corresponding resonant
switch.Undernormalmodulation of the spi§SCSI, each bridge will undergo a resonance
phase exactly once per switching cycle, with each resonant circuit being activated once,
independently. Thigan be observed in the typical switching cycleFgjure 3.16. For
bridge 2, a resonaephases required aftew and can be triggered by gating ON
while bridge 1 is in a freewheeling state, as showrigure3.19(a). Similarly, a resonance
phase isnserted on bridge 1 to transition from the freewheeling phase into the first active
vectorw , while bridge 2appliesw  , as seen ifrigure3.19b). This is achieved by

gating ONY of resonant circuit connected to bridge 1.
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In both instances, the operation of the opposite bridge is ageia@ undisturbed
since the resonant circuit of the bridgedergoing aesonance phase provides a circulation
path for the D@ink current to flow normally through the opposite bridge, irrespective of
its switching stateThis confirms that the spi&SSCI is uniquely able toompletely
decouple the operation of the two CSI bridges throughout the entire switchingndyete,
resonant transitions can take place asynchronously as naedasiil] offer a direct power
transfer path between the two bridges for maximum efficiency and power density. Each

bridge completes its respective switchiogcle based on the current references to be
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Figure 3.19: Resonarce phase in the splitSSCSI.
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generated by each phasg, independently of the opposite bridge. This makes for an ideal
structure that can be extended to support flexiblessaitiching multiport operation in nen

isolated applications as presented next.

3.3.5 Extension to Multiport Sofswitching Current Source Inverter (MSSCSI)

The splitSSCSI topology can readily be extended to supportismatedfour-
guadrantmultiport power electronics applications. The two split inductors and the two
resonant circuits form the core resonant transition currenliix@nabling the ZVS soft
switching operation of all power devices in either CSI bridge. The number of-|glysse
per bridge can be increasedreededo realizethe proposedamily of Multiport Soft-
Switching CurrentSourcelnvertersqtMSSCSI) illustratedin Figure3.20, andintroduced

in this work as a flexible fouguadrantnorisolated MPC building block

With0 plegsonbridge 1anad plegs on bridge 2, thdSSCSlIsupportdwo
sets of0 ports andd ports, respectively. Power cée exchangd bidirectionally from
anyport to any portand in any combinatioas shown irFigure3.21. The direct power
path mode between the ports andd ports, where both bridges apply an active vector
simultaneously, enables double the power transfer capabilities and is uniqud 880&|
family. Ports within the same CSI bridge can still exchange power bidirectionally, in any
combination, through the indirect power pdthtat half the power, as in th@S4T family.
It is important to note that thanks to the full ZVS softitchingoperationof the MSSCSI
family, the conversion efficiency is identical from any port to any port, and is virtually
independent of the number of ports and the resulting number of switcamsitionsper

switchingcycle.
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Figure 3.20: Proposed multiport soft-switching current source inverter(MSSCSI)
to realize universal non-isolated MPC.
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Figure 3.21: MSSCSImultiport power transfer capabilities.
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A generic switching cycle of thmMSSCSIfamily is shown inFigure 3.22. As
detailed previouslyeach bridge operates completiglgiependentlyand applies a series of
active vectors throughout the switching cycle. Whtlports on bridge 1 andM ports on
bridge 2, the switching cycle includes up 8 active vectors on bridge 1
T4 B A (1, and up toM active vectors on bridge 2y & B Ayt i (a. This is
shown in the bridge 1 and bridge 2 link voltagés and 0 , respectively, in
Figure 3.22. Any of these active vectors capply a positivevoltage c har gi ng 6) 0
negative voltage ( dinkidspendiagrog thenpgwirflonodirectmn t h e
for the corresponding porEor any given switching cycle, a bridge may only apply

charging or discharging vectors based on the instantaneous operating conditions.

ZVS transition states are inserted between any two adjacent active vectors at the
bridge level, and exactly one resonance phase per bridge per switching cycle is required to
6resetd the resonant ci r-swidhibhg opefatiodtéstcotbe br i d g
understood that the ZVS transitiotatesand resonance phase typically represent well
below5% of the switching period in tHd SSCSI andM S4Tfamily andhave been enlarged
forillustration purposem all switching waveforms presented in tbigpter. Proper design
of the resonant circuit is of paramount importance to achieveatidswill be detailed
subsequently in this workFinally, the DClink current results from the combination of

0 andv throughout the switching cycle and has been omitted here for clarity.

88



Usi 1

(;!.1‘\"1

Sequence of
discharging Vectors

(;!,’;'\n 2

Sequence of
discharging Vectors
I

=
I A

-Eycle
[_]Charging [_] Resonance

|_IDischarging [ | Freewheeling

Figure 3.22 Generalized MSSCSI switching cycle with main operating phases
identified.

89



3.4 Conclusion andContributions

This chapter has introducedvd families of power converters to realize flexible
multiport power electronic8oth families offer fomguadrant sofswitching operation in
asimplesinglestage structure, whilgreservingull pulsewidth modulation or SVMike
control This has not been typically achieved in piner art. Theseconverter familiehave
been extended tsupport an arbitrary numbef connection portswhile the ZVS soft
switchingtechniqueensures a highndsymmetrical conversion efficiency from any port
to any portEachport can bactivelymodulatedduringthe switching cycle witimegligible
impacton efficiency,promisingexcellent control bandwidth arcycle-by-cycle energy
balancing.The ports are fily flexible and configurablesupporing both AC or DC
connectios and bidirectional power flow.Finally, the current sourceature of the
topologiessimplifiesparalleling andfurther positions theroposed converters awdular

building blocksfor the next generation astcalable multiport power electronics systems

The proposed multiport S4T (MS4T) derives from the original S4T topology and
realizes a partially isolated MPC building block for applications where galvanic isolation
is required. Although the S4T topology has already been introduced in the literatsire, mo
of the focus has been on its applicattoormedium voltage solidtate transformerdn
contrast the extended MS4Ppresented in this research has not bemwiouslystudied.

The inclusion oadditional power switchaa the structurecombined with the requirement
for four-quadrant operation over a wide voltage ramgepduces significant implications

on the topology affecting itsdesign, modulatiorstrategy control structure resonant
transitions and semiconductors stresfhese aspects will be examined throughout this

work.
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The proposed multipogoft-switching current source invertéviISSCSI) and the
baseSSCSI topology, are part of a new family of topologies not previously reported in the
literature.This new family of convertsradapts and extends the ZVS transition mechanism
of the S4T to underlying CSI structures. Specifically, M&SCSlItopology introduced in
this work realize a nonisolated MPC building block and offea new direct power flow
path doubling the rating and power density of the MS4T using the samementpatings.

The structure and operatingrinciples of the MSSCSiave been derived in detail in this
chapter. The rest of this work will introduce additional design consideratommsrol
techniquesindexperimentalalidationto usethe MSSCSI in multiport power electronics

systems.

The maincontributions detailed in this chapter include:

1 Introduction of two new sof$witching singlestage fowgquadrant topologies,
thebaseSSCSI and sphSSCSI with double the D@nk current utilization of
the original S4T topology. Detailed explanation of the structure, operating
principle and ZVS transition mechanisnave been providedrundamental
operatiorhas beewalidated in simulation study

1 Extension of the sph8SCSIto the MSSCSI for nomsolated multiport
applications

1 Extension of the S4T family to the novel multiport S4T (MS4T) structure for

isolated multiport applicatian
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CHAPTER 4. UNIVERSAL RESONANT TRANSITION

CONTROL IN MULTIPORT FOUR-QUADRANT OPERATION

4.1 Introduction

The multiportsoftswitching solidstate transformgMS4T) and the multipogoft-
switching current source invertdMSSCSI) proposed in this work are two resonant
transition converterfamilies which realize softswitching operation in addition to
maintaining full pulsenidth modulation control capabilities. While the latest modulation
techniques can be adapted and leveraged to control the main power devices, the very fast
dynamie underlying the resonant transitions and resonance sequence require special

attention.

Both the MS4TFigure4.1, and the MSSCSFigure4.2, rely on the same minimal
resonant circuit structure to set the zeaitage switching conditions for all main power
devices. Although the actual working principles of the teanverterfamilies are
fundamentallydifferentas detailed ilCHAPTER 3 thegatingof the auxiliary switcHY
provides an additional degree of freedom in the control of the resonance sequzstbe
structuresWith appropriategatingof the auxiliary switch'Y of each resonant circuyit is
possible to ensure sedtvitching operation regardless of the converter loading,level
for the entirdour-quadrant operating range of the multiport structdi@vever, due to the
very fast dynamigof the resonantircuit, with natural frequencies well abo%60 kHz in
typical designs and ZVS transition periods in the-sutrosecond range, the accurate and

precise control ofthe auxiliary switch and the proper timing of the resonance
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Figure 4.1: Multiport soft-switching solid-state transformer (MS4T).
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Figure 4.2: Multiport soft-switching current source inverter (MSSCSI).

sequencaredifficult and costlyto achievewith the available sensed quantities.(pert
voltages, D@ink current),andtraditional sensor technologies. Open loop or semi closed
loop control strategies are a first natural approachereoy the required’Y gating and
timing information are eithgoreset orestimated from the converter operating state at the
expense of complex and often A@al time computations. Thigads to unacceptable
device voltage stress during converter transients or faults andiszapt soft-switching

operation under normal operating conditiofifie issue igarticularly pronouncedfor
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multiport applications where wide vatiansin switching patterns are to be expectect

to the many ports operating at different voltages, cusr@md frequencies.

To addresghese challengeshis chapteipresentsa universaresonantransition
control strategyogether withtwo novel sensing circuitdat integrate with theesonant
tankand provide the necessary signals for the control mechar@athsctively, these new
techniquesenablesafe, robust and reliable soft-switching operation of the MS4T and
MSSCSIin multiport, four-quadrant applicationsAlthough the development dhese
techniquesvas initiallymotivated by thetringent requirements of théS4T and MSSCSI
multiport applications, the resulting control strateigybroadly applicableacross all

variantsof the two converter families, arahyuse cases.

4.2 SensingCircuits and ResonantM odule

4.2.1 ZVSTransitions andResonancé&equence in the MS4T and MSSCSI

The ZVS transitions and resonance sequence are the two key elements of the
switching cycles of both the MS4T and MSSCSI, as togetherahalylethe uniqueour-
guadransoft-switchingoperationin thetwo converter familiesFigure4.3 reproduces the
generalized switching waveforms of the MS4T and MSSCSI, previously introduced in
CHAPTER 3 to facilitate the analysis presented in this section. Recall from the derivations
that in both the converter famili@asd under normal operating conditipasZVsS transition
statenaturally occurs between atwo active vectas applied to the D&ink. During these
ZVS transition states the MS4T the DC-link current flows through, and discharges, the

capacitor® of the two resonant circuitsvith a controlled dv/dt as given io® thereby
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Figure 4.3: Generalized switching cycle of the MS4T and MSSCSI.
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ensuring ZVS switching of the two devices changing state. Similarly, in the MSSCSI, the
DC-link current flows through the resonant capacitgoanallel with the bridge triggering
aresonanswitching transition, causing the capactmdischargend controlling the dv/dt

across the switching power devices asd® « In addition asillustratedin Figure4.3, a

complete resonance sequence in the MS4T a88@&I begins by, and ends with, a ZVS
transition state where at least one resonant capacitor is being discharged bylithle DC
currentA compl et e resonance s e (q u-switahiegopegatione c e s s

for the next switching cycle as detailed previously.

From this discussion, it is apparehat the discharge of the resonant capacitor in
the resonant circuit is of criticalgnificancein both the MS4T and MSSC3otably,the
discharge ofd providesa physical quantity that can be precisely, robustly, and cost
effectively measured to accurately position the ZVS transition states in the switching cycle
and therefore sense and control the mainrcyudie dynamic elements of the operation of
the converterThis measurement is implemented in the propasatsing circuitsand

utilized bytheuniversalresonantransition control strateggsdetailed next.

4.2.2 Resonant Modulor MS4T and MSSCSI

Two novel sensing circuits are introduced in this work to prigcmenitorthe state
of the resonantapacitor.The two sensing circuitgdentified ascircuit A andcircuit B in
the following, are integrated with the resonaankusedt hi s f ar to real iz
mo d u aseliown irFigure4.4. This forms a seltontained building blockhatprovides
the critical timing information required during the ZVS transitions and resonance sequence

for a closedoop control of these period$he number ofesonant modules required to
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enable the sofswitching operation in thevo convertefamiliesdepends on the converter
configuration and the applicatioRor the MS4T and MSSCSI, two resonant modules are
necessary, one on either side of the resonant transition curreimkD€or instance, ra

MS4T implementation with two such resonant modules is depiitgoie4.5. Irrespective

of the final number of resonant modules used, the module structure remains unchanged and
enablegheuniversakesonantransitioncontrol strategy in atonvertewariantsacrosshe

two converter families.

Within a resonant modulegircuit A, monitors the discharge of the resonant

capacitor by identifying the phases throughout the switching cycle where:

o
Qo0 ®

monitoring detection |
signal signal |

To DClink
Resonant module
T T T T T T T T 7T T ‘Discharge  Threshoid |

I
I
A
| S |
| Control Gate o |
-

I signal Driver B + c |
: Ugi """ | Circuit A Circuit B |
I Lr I
| | | |
I Resonant |

Circuit |

—> To DClink

Figure 4.4: Proposed resonant module integrating two novel sensing circuits an
the resonantcircuit .
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Figure 4.5: MS4T implementation using two proposed resonant modules witr
integrated sensing.

As detailed abovesensing the instants where® holds true enables accurate
positioning of the ZVS transitions within a switching cycle atidws for theprecise
measurement of the duration of these transitions. This timing information is key to the

resonant transition control mechanispneposedn thiswork.

The second sensing circuit within a resonant mqaulg i r ¢ defedts thB idistant

where the resonant capacitor voltage crosses a predetermined theeshsldth that:
0 &) 8

Precisely locating the instant where is less than a given threshold voltage during
the switching cycle generates another key timing information imsetie control of the

resonant switcRY as detailed in the following

It should be noted thatkeithersensing circuits attemgpto measure the actual

signal as the fast dynarsiof the resonant tank circuit would be very challenging to capture

accurately, with the necessary bandwidth and isolation level. Insieadt A andcircuit
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B extract thecritical timing information required with minimum propagation delay, high
voltage isolation, high noisenmunity, and at a fraction of the cost of available sensing

technologies. This is achievedth simple circuit constructions as detailegixt
4.2.3 Circuit Almplementation and Experimental Validation

To monitor the discharge of the resonant capacatiocuit A forms a capacitive
current divider with the resonanircuit capacitord0 by means of an additional sensing
capacito as shownn Figure4.6. The current flowing through the sensing branch is

then:

Where'O is the total resonant current flowing through the capacitor divider, and

‘O s the current flowing through the sensing branch.

The sensing capacitor ischosensoth& L O ,thatiso is a few
orders of magnitude smaller than, and the addition afircuit A does not interfere with
the resonant circuit and the operation of the converter. An optocoupler is connected in
series with the sense capacitor through a sense re¥istor and an antparallel Zener
diode’O for protectionas shown ifFigure4.6. An additional bias resistof is added for
increased noise immunityY HO and'Y are selected based on the optocoupler
threshold current and voltage, maximum operating current and voltage, and target

minimumresonant current range to be sen¥ed
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Figure 4.6: Circuit A hardware implementation.
When'O O T, meaning thad is being discharged and @ holds
true, O 11, and a portion of this sensing current flows throdgh  and the diode

of the optocoupleractivating the phototransistor. The rest of the sensing current is
bypassed by the Zener diode protect the optocoupleiSimilarly, whenO T,
indicating thatd is being chargedD 1, and the Zener diode bypasses the entirety

of the sensing current, leaving the phototransistor open. The resulting phototransistor
switching provides a loweost solution to generate an isolated signal with minimum
propagation delay, typically < 100 ns Wit kV isolation, precisely timing the ZVS

transitionggovernedoy the resonant module throughout the converter switching cycle.

To confirm the working principles dfircuit A, two resonant modules have been
validated experimentally in a 25 kVRISA4T, in the configuration shown irFigure 4.5,
with threeports per bridge, undénreephase ACAC operation The main switching cycle
waveforms, and the two discharge signals generategrdyit A on the first bridge and

second bridge are shownhigure4.7.
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Figure 4.7: Experimental validation of proposed circuit A in 25 kVA MSA4T
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The two discharge monitoring sensing circuits selectively and precisely positioned
the ZVS transitions in both bridges, as evidenced by sigi&ii €¢and"YQeii §
active high during the negative dv/dt slopes on the resonant capacitor voltage in bridge 1,
@ , and on the resonant capacitor voltage in bridge 2, , respectively. The total
propagation delay between the beginning of a ZVS transitioiYaRa&ii €active high is
further measured toe 110 ns as shown figure4.7. This includes additional propagation
delay through the FPGA 1/Os used to observe the signal as well as scope delay, and is for
a lower resonant current that the nominal design value (50A vs 100A) thus confirming the

low-propagation delay of the approach.

4.2.4 Circuit B Implementation and Experimental Validation

To monitor the instant where the resonant capacitor voltagecrosses a
predetermined threshotd , circuit B connects across the resonant capacitorf@mas a
capacitive voltage divider to scale down the sensing stage voltageanageableange,
typically under 100V. The rest of the sensing circuit, showFigure4.8, uses a concept
similar tocircuit A, where an optocoupler sensing circuit detects a current flow through

the sensing stage when:

With w the Zener voltage of the bidirectional or bdokback Zener diodes

selected to detect the predetermined and fixed threshold vaitage



From 18 and 1® ,practi cal i mpl ementations of

detecting the instant where:

0 W T T®

as is requiredin the subcycle resonant transition control mechanisms proposed in this

work.

Akin to 6Circuit A6, the i mplementation
switching to generate an isolated signal with minimal propagation,dgfagally < 100
ns and 5 kV isolation precisely identifying the instant wher& is met.Circuit B is
validated experimentally the same 25 kVAMMSAT test setupsed to demonstratércuit

A. The key converter waveforms over a few switching cycles, and the threshold detection
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Figure 4.8: Circuit B hardware implementation.
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Figure 4.9: Experimental validation of proposed circuit B in 25 kVA MS4T
prototype.

signal produced bygircuit B on bridge 1 are shown Higure4.9. The circuit accurately
measureghe instants where the capacitor voltage falls below a fixed threshold
voltage w ¢ qwin this example, as evidenced BYQ ¢ii € (DATA 3 on scope)

active high.

The timing information generated kgircuit A and circuit B in the proposed
resonant module are usechiewresonanswitching transition contrahechanismsdetailed

next.

4.3 Universal ResonantTransition Control

The following sectios detail the universaksonantransition contromechanisms
proposed in this wotkGeneralized switching sequences are used to illustrate the control

mechanismg, wherev and’Qare the bridge voltage or transformer voltage, and the DC
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link current or the magnetizing current, in the MSSCSI and MSA4T, respectively.
Furthermore, whe a more specific example is necessary to clearly illustrate a concept, it
is to be understood that the same principles apply toirapjementationin the two

converterfamilies.

4.3.1 End of Resonance Sequence Monitoring

As shown irFigure4.10, a complete resonance sequence itMi8d T andVISSCSI
converterendswith a ZVS transition phase to the next incoming active state, in the
generalized switching sequenddis implies that the switches corresponding to the active
state must be gated ON at any instant during this final ZVS transitionidtigfied as
t he O0Gat e ONiguwid.bodforvh@ softswitching action to occur. More
specifically, if the turn ON of the switches takes place before or after this window,-a hard
switching transition will occumesulting inswitching losses and high dv/dt, as highlighted
in Figure4.10. The exact resonance sequence duration and the final ZVS transition state
positioning within the resonance sequehothdepend on many parameters including the
state of the convertethe outgoing and incoming active vector voltage level, the non
idealities in resonant componenésd cannot beknown precisely A traditional control
implementationis to use an opportunistic approach where a fixed resonance sequence
duration is assumed to attempt to artificially position the gating ON of the switches within
the allowable window. Another approach is to estimate the resonance sequence duration
andthed Gat e ON Wiionirdycatvtbe cesbos complex computations, often too
intensive to be implemented in rdahe, and yielding fuzzy estimates. While both

approaches give acceptable performance under sgtaity conditions for applications
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Resonance Sequence

—
Vactl
U -
[ ] Resonance
| Qo [ ] zVS Transition State
N
Bl Hardswitchin Incoming
< I Softswitchi g} active state
_ oft-switching gating
@ ~*  Trigger controller to gate
o |~ ON incoming active state
Circuit A N switches
discharge signal

: ! !
Gate ON Window
For ZVS turn ON.

Figure 4.10: Generalized resonance sequence structuie the MS4T and MSSCSI
with incoming active state ZVS gate ON window identifiedy circuit A .

with fixed operating voltagesa softswitching transition under transient modes and for

wide voltage variationsr multiport deployments not guaranteed.

Instead, this work proposes a newb e n d of r e s 0 n &antcoke mo n i
mechanisnusing the sensing signal froaircuit A in the resonant module of interest to
accurately locate the final ZVS transition phase within the resonance segagsbewn
in Figure4.10. By implementing audimentarystate machine in the controller, depicted in
Figure4.11, a rising edge on tharcuit A signal after the beginning of the resonance phase

can be used to detect the gate ON window a
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CircuitA=1

End Resonance

Active state ON

Figure 4.11: End of resonance monitoring state machine.

where theappropriate power devices for the incoming active saategated ONThis
provides a simple, reliable, clostabp mechanism to systematically position the incoming
active state switching within the allowable ssftitching window, under both steadtate
and transient conditions, for all converter implementatidie new control mechanism
applies to any applications including onveish wide input and output voltage excursions

and implementations with large number of input and outpkgétheMS4T and MSSCSI

4.3.2 ZVS Transition Tim€orrection

As for any resonant or quagisonant converters, tthiern ONinstant of the main
power switches in th1S4T andVISSCSifamily is not precisely knowndithout loss of
generality, take the example@MS4T switching cycleinaDOC-3W AC configur at
shown inFigure4.12. As can be observed in the figundile the converter control triggers
a switching state change at the end of an active state to the ndrltlomnéng somehigher
level modulation schemehe actual application time of the new state is reduced by the

ZVS transition time between the two stat@ensideringactive state 20 , t he o6 vi r t 1



Resonance Sequence
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Uy 0 I,
Vs
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] [] Freewheeling
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Q [ ] zVS Transition State
Sent to controller to had g
compute actual activi
state 2 application time;,\
~ Circuit A
discharge signdvirtual 9Active Jtate 2 -
Appligation|time
ct2_y

] |
ZVS transition tl‘me i Actual active state 2

I
|
dlank ouﬁ‘ application time |
|
[

tzvse
f
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Figure 4.12: Effect of ZVS transition states on active state application time anc
proposed correction mechanism usingircuit A .

application time;’Y , corresponding to the application time targeted by the controller,

the ZVS transition time)  hand the actual application tini& , are such that:
Y Y 0 18

The total duration of these ZVS transitions is kept low compared to the cycle
duration through appropriate design, typically under 5% at rated load. Yet these transitions
increasingly amount to a naregligible portion of the active states as the conviraeling
level decreases, leading to an increabd® on the inputs and outputs, especially under
light loadng conditions. As discussed previously, the duration of each of the ZVS

transitiors is unknown and can vary widely within a switching cycle, sa #tandard
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closedloop controlon the target control quantities of the gge.g. V, 1) may not provide

the bandwidth needed to compensate for the resulting vector application time variability

and associated THD impact.

To address this inherent limitatidhjs workintroducesa newd Z V' S

transi

c o r r ermecharmesmywherethe sensing signal fromircuit A of the relevant resonant

t i

moduleis used to precisely measure, and account for, the duration of the ZVS transitions

between active states throughout the switching cycle. Taking again the example of active

state 2 inFigure4.12 the discharge signal fromircuit A gives the value ob

the converter control setke virtual durationof state 2”Y

Wait for ZVS
CircuitA=0

Active state ON
t hold

CircuitA=1

Active state ON Circuit A=1

t hold

Circuit A=0

ZVS completed

Active state ON
t counting

completed

Active state OFF

so that

~, to be equal to the target

(O |



actual application tim€Y , augmented byhe ZVS transition state duratian . This
is easily implemented in the controllgith the simplified state machine depictedrigure
4.13, by holding the vector application timer value wiilecuit A indicatesan ongoing
ZVS transition at the beginning of tlaetive vectomperiod. This in turn geatly improve

the linearity of the highelevel modulation strategycross the entire loading range

4.3.3 Precharge Control Mechanism

A generic resonance sequence, with arbitrary voltage levels before and after the
sequence, is shown kigure4.14. In both theMS4T and MSSCStonverter familiesthe
resonance sequence is needed when a bridge transitionsatbivaevectorwith a more
positive voltage level to ensure ZVS operation. This is achieved, at the resorait
level, by turning OFF all the power deviedthe bridgeand gating ON the ancillary switch
of the resonartircuit, to trigger a resonance between the resonant elemeatsld . As
detailed in sectiod.3.1and shown irFigure4.14, a complete resonance sequence ends
with a ZVS transition state where the switches of the incoming active vector are gated ON

using the 0 Bred ucemitobegshamsa toemrsure a ZVS turn ON.

As shown inFigure4.14, depending on the active voltage level before and after the
resonance sequenas, andw , respectively, an additional ZVS transition
state can be flexibly inserted at the begin of the resonance sequence, by appropriately
delaying the turfON of the ancillary switch of the resonaniicuit, Y, by a variable delay
o . This additi on alinduéez & farther prachasge ofittesonans t at e 6

capacitoy if needed, by allowing it to reach a more negative voltage level to ensure a
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Resonance Sequence
PR

Controlled L —T T

device voltage stress V anesmming

U .
Resonant capacitor precharge to [ ] Resonance
voltage target set by CircuitB [/ , ;.o [] zVS Transition State

threshold voltage M, \_;_ _______ ~/ | Vin |

Additional ZVS transition state L L

inserted before gating on Sr to —

@rechargedthe resonant capacitor to
target voltage, if needed.

Q |

—— Threshold voltage detection signal

—> sent to controller to flag end of

@rechargedbof resonant capacitor
and gate ON Sr.

Circuit B
threshold detection signal

Duration of the additional ZVS st OFF ldsr| SrON SrOFF
transition state added to precharge Bridgedpower | | Bridgeopower | Bridgedpower

; . = ges
resonant capacitor and required delay, | on ‘SW"”‘“'OFF suitches ON

tasr results from cCircuit B Ovoltage
threshold detection signal.

Figure 4.14: Generic resonance sequence structuref the MS4T and MSSCSI
with arbitrary outgoing and incoming voltage levels, and proposed precharge
control mechanism.

complete resonance sequence with a final ZVS transition to the incowliage level.
This is the key mechanism to enable the-swefitching operation across the entire power,
voltage and current ranges. In esseiitbe outgoing and incoming voltage levels are such

that w W , theturn ON of the ancillary switch is delaye®n the other

hand,if W , No delay is necessary.

The control of the ancillary switchY is thus criticalto the proper sofswitching
operationandhas proven challenging in practical implementations. The use of affixed

delayto gate theancillary switch leads to variable, and often unacceptable, device voltage

stress This is becausev continuously varies with the converter operating
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conditionsand setting a constant capacitor precharge wftkeal 0 delayresults ina

variable maximum negative and positive voltage stress across the resonant capacitor and
the power switches. With such an approach, it is also very challenging to guarantee soft
switching operation, especially for applications with a wajeeratingvoltage range
especiallyin multiport power electronics applicationsinally, a fixeddo delay often
generates large overvoltage across the power devices under abnormal or fault conditions

leading to converter failure

Anotherapproach is to estimate thequireddelayd asafunction ofw
andw through computations. However, the resonant tank is a high order circuit and
thed delay time required depends rlimearly on a number of parameters and quantities
including the tank passive elements values, , @ and the D@ink current
level, amongst other factoes detailed ICHAPTER 6 The computations involved are
complex and oftemot possible irreattime, and the sensing bandwidth on the variable
guantities required in the calculation is limited, leading to limited dynamic performances
and large overvoltage during converter transients. An alternate implementatiafiivieh
computations and a lookup table approach where@mgputedd delay values are used
is possible but still sufferfrom limited measurement bandwidth on the -feetying
guantitiesusedas input to the table, thagainleading to overvoltage in case of converter

transients.

Toovercomethec hal | enges, a novel Oprecharge
In this new mechanisnthe sensing signal froraircuit B is usedto detect a negative

threshold level on the resonant capacitor voltage and realize a precise control of the
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resonant sequence aratcurate gating of the correspondingancillary switch “Y.
Importantly,the proposed control mechanism does not relyracking the full voltage
excursion of the resonant capacitor during the resonance sequence, tyjisgadying
dynamics wellabove 10MHzthat are verychallenging to capture accurately with high
isolation Instead only the detection of the instant when the resonant capacitor voltage
crosses a target threshold voltage level is meaningful and requirddsircontrol
mechanism.This is a key reason for the robustness of the approach, confirmed

experimentally in sectiod.5.

Figure4.14is used again to illustrate the approaiihe negative threshold voltage
level detected byircuit B, @ , is set to a fixed value guaranteeing a-sefitching turn
ON of the incoming active vector, considering the highest voltage of the
application. This is possible by appropriately selecting the Zener diode voltagegper
Once the resonance sequence is initiatdte signal generated byircuit B
when v @ can be used by the controll@r gate ON the resonant switcYi of the
correspondingesonant module, initiating the 6 resonance. Thus, irrespective of the
outgoing vector voltageo , a variabled  delay will be naturally inserted to
consistently precharge the capacitor to the target voltagebefore triggering the
resonanceas shown irFigure4.14. This ensures a consistent and complete resonance
sequence, with controlled voltage stress under all converter operating conditi@veand
under largeransientsand faults Critically, the ZVS transition state thdetermines the
prechargeof the resonant module capacitomisw dynamically inserted as needed every
switching cycle through this closdédop control mechanism, using direct timing

information sensed bgircuit B.
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CircuitB=0
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OFF
Precharge control
mechanism -<
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Active state ON
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ZV$ transition _ t counting
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Active state
completed

Active state OFF
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Figure 4.15. Universal resonant transition control state machine (simplified
implementation).
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The generalized switching sequence FEifjure 4.14 encompasses all cycle
transitions covered by the control mechanisms presented in this chamté combined
form the novel universal resonant transition control. A simplified state machine
summarizingthe universal resonant transition control applied torésenancewitching
sequence oFigure4.14is show in Figure4.15. Each of the sulbycle control mechanisms
are identified in the sequence, includittte,i mp | ement ati on of t he

mechani smé introduced in this section.

With this approach, the complete resonance sequence, key to the MS4T and
MSSCSI operation, is fully controlled in a closedp manner under all operating
conditions, including large transients and faudtsd the safe, reliable and precise soft

switching operation of the converter is guaranteed.

4.4 Simulation Validation of the Universal Switching Transition Control

To validate the resonant module, sensing circaitduniversal switchingransition
control mechanisms presentedtlis chaptera complete simulation study of a 25 kVA

MSA4T using two resonant modulkesshown inFigure4.5 is presented in this section.

In this simulation the MS4T operatesthreephase AC/ACconversion modand
the conventions ofFigure4.5 are used in the followingrhe DCIlink current is sofistarted
to the reference value oflQ A, while the thregohase output voltage is ramped up to the
nominal 480 Vrms lingo-line. The threephase input voltage, not shown here, is set to 480
Vrms, 60Hz.The DGCIlink current, output voltages, Dlihk voltages on both bridges and
the resonant capacitor voltages are showifrigure 4.16, with the universalresonant

transitioncontrol enabled
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Figure 4.16. Simulation results of 25 kVA MS4T in AC/AC mode using two
resonant moduleswith resonant transition controls enabled.

The same waveforms are again shownFigure 4.17, without the universal
resonanttransition contrgl and using a fixed X Tiern, chosen to achieve seft
switching with reasonable voltage stress under nominal input and output voltage
conditions. With the control enableBjgure 4.16, the soft-switching operation of the
MSAT is confirmed at startup, under varying-Iik current, and while the output voltage

varies widely, This is in sharp contrast to the waveformdridure4.17, wherethe control
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Figure 4.17: Simulation results of 25 kVA MS4T in AC/AC using two resonant
moduleswithout resonant transition controls.

is disabled, and hard switching actions are observed throughout the converter startup, and
while the output voltage increases to the nominal value. This is highlighkegure4.17

where bridge 1 and bridge 2 Biidk voltagesww andw , respectively, are consistently
higher than the resonant capacitor voltage on the same kkidgandw , respectively.

This demonstrates the effectiveness of the proposed circuitaugimdrsal resonant

transitioncontrol method to ensure a safe and-sufitching operation of the converter,
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irrespective of the converter state, loading,-I®& current level and input or output

voltage levels.

More importantly, at t=80ms, the output of the converter is shorted and released at
t=90ms to induce a large transient on the output voltage. With the control enabled,
Figure4.16, the softswitching operation is retained while undergoes the large
transients, and the voltage stress on the power switches is controlled witlpnramTt
band. On the other hand, with theniversal resonant transition control disabled,
Figure4.17, the softswitching action is lost during the fault, and large voltage stresses,
greater than 1400 V peak, are observed on the resonant capacitors because of transient
power flow inversion and the fixedl X Tiemi yielding excessive resonacapacitor
prechargeThis confirms the effectiveness of the resonant module, the two sensing circuits
and the universalesonantransition control, including unddarge transients anfhult
conditions. To further validate the novel approach, experimental results are presented in

the next section.

4.5 Experimental Demonstration of thePrecharge Control Mechanism

The most critical component of the universal switching transition control
introduced in this work is the precharge control mechanism. As detailed previaasly,
accurateprecharge of theesonant capacitor is necessary not only to ensure proper soft
switching operation of the converters, but margortantly it is criticalto eliminate
destructive voltage stress levels across the semiconductors under wide range of converter
operating conditions, large transients or converter faults. Multiport operatiba M34T

and MSSCSI is simply not possible without the precharge control mechahsm.
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demonstrat¢his critical componergxperimentally, a prototype MS4T has been designed,
built and tested in the experimental setup showRignre4.18. Theelectrical schematic

of the MSA4T prototype is detailed Figure4.19.

The prototype consists of two interleaved converters, with 7 legs on the primary
side (CSI bridge 1 and CSI bridge 3Figure4.19) and 4 legs on the secondary side (CSI
bridge 2 and CSI bridge 4 igure4.19). This configuration was chosen to build a flexible
demonstration platform of the MS4T multiport structuneth a design rated power of
80kVA. Each bridge is builsingaresonant modulstructure as detailed previously and
includes twacircuit B sensors. For this series tekts the MS4T prototype is configured
in a simple DC/DC circulatingowermode where the DC output is looped back to the DC
input through filtering inductoras shown ifFigure4.19. A DC power supply is connected
to the primary side and controls the circulating link voltage. Under this circulating power
configurationthe power supply rating can be greatly reduced as it only is requsedre
the power losses of the setup, while the converter can be loaded at a higher level through
the circulating power patff.he quantities observed in the rest of this section are annotated

in Figure4.19.

The MSA4T prototype transient response unskartup conditions is shown in
Figure 4.20. At 400Vdc circulating link voltage (IN/OUT), the DIhk current of both
interleaved converters, measured on the bridge curteéntandQ , is ramped up to 50A
DC in 10ms. It should be noted that Rogowski coils are used to measure the bridge current
so the DC component cannotdapturedand the DEink current value must be measured

from theobservegeak AC component in the individual bridges.
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Figure 4.18 Experimental setup with 7/4 legs MS4T prototype in DC/DC
circulation mode.
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Figure 4.19: Electrical schematic of the 7/4 legsMS4T prototype in DC/DC
circulation mode with two circuit B per bridge and two interleaved converters.
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Resonant capacitor and bridge voltages
increase with Ddink current ramp up
under fixed precharge time

Resonant capacitor and bridge voltages maintained
within +/- 980V with closed loop precharge control
mechanism
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Figure 4.20: Precharge control mechanism demonstratiomnder MS4T start up to
50A DC-link current and under load increase to 10A circulating current at
400Vdc.C1: oy ,, C2: 0., C3: j , (Rogowski), C4: j , (Rogowski), C5:j ,,
Cr:0o|p, C8: 0Ly, DO: ra | » DL« » D2:ra g »» D3: 7« »» D4
T« » D5 T«p» D6 T«p|» D7 T<«|» D8 Convl_precharge, D9:
Conv2_precharge

Simultaneously, the load DC currei@, , issoft startedrom OA to10A in 100ms.
The DClink voltage0 andb  as well the resonant capacitor voltages andu
are observed throughout the converter ramp up. Digital lines DO sovdJsed taapture
the outputs of the multipleircuit B sensos used in the prototype:r« || »» T« | »
Tl »FT<Rl > Tl > T<R] > T<l[» T<l| » Ahighoutputindicates that the
sensing circuit detected that the corresponding bridge capacitor voltage crossed the
negative threshold voltage . In this MS4T prototype, all sensors are designed to detect
the same threshold voltage Y war Digital channels D8 and D9 monitor the

converters precharge timeout, for converter 1 (bridge 1 + bridge 2) and converter 2
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(bridge 3 + bridge 4xespectively. A pulse on either of these digital lisgmifiesthata

fixed precharge time p ¢ iin this MS4T prototype, has been applied to the

corresponding convertao control the resonant switcheather than the closddop

precharge control mechanism.

As highlighted inFigure4.20, the precharge control mechanisrbypassedor the
first 3.3ms after initial start up to allow for the BN@k currentbuild up This is clearly
visible in the figure with DO to D7 not indicating any threshold detection and D8, D9
displaying some precharge timeout activity. During this phasegiiikresonant capacitors
voltagesandthe bridge voltages during the resonance sequence are not actively controlled,

but result from the fixed precharge delay, p ¢ { and the increasing Dithk

current being ramped up to the reference of 50A. This leads to the ramp on-timk DC

and resonant capaciteoltagesobserveduring this phase iRkigure4.20.

In contrast, as soon as the precharge control mechanism is erthel@dak
resonant capacitor voltagaed thepeak DCIlink voltages are actively controlled within a
narrow  Yaenvelop. This is visible and highlightedRFigure4.20 wherechannelD0
to D7 show a continuous train of pulses from tiveuit B sensors detecting the target
threshold voltage and in turn initiating the resonance phiaably, the precharge control
mechanisnpreciselyregulates the peak voltage stresses withindperatingband,even
asthe DGlink current ramps up from approximately 15Ait®osteadystatevalue of 50A

and the load current graduallysoft-started to the nominshrgetvalue of 20A.

Three switching cycles observations are presented next, at the instants indicated in

Figure4.20, to further validate the operation of the precharge control mechanism.



Thefirst observation is taken while the precharge control mechanism is bypassed
and shown irFigure4.21. At this operating point, the Ddnk current has reached around
10A and the load current reference is still below the minimum modulation threshold and is
ignored by the pulse skipping logithis means that the is no negative vector inith
switching cycle. Therefor¢he resonant capacitors in either converter are precharged from
the freewheeling vectorusing the fixed “Y turn on delay, or precharge time,

o] p ¢ iin this experimentThis is shown in the figuresherethe timer on D8

triggersthe turn on ofY and"Y as seefrom the resonant current pulse observedbn

andwith the timer on D9 triggering the turn on"df and™Y as seen ob . Under the

I | !

t i TELEDYNE LECROY|
| | ! QP whoryouos
|

| |
h‘-.-‘_.-‘-.-‘-.-‘-.-‘-.-:A‘:_..-‘-4-‘-.-‘-.-‘-‘-.-‘-.-‘-.7-‘,_' vvvvvv t‘-ry ...................... i ‘ »....‘\
Resulting capacitor voltage ! ! \R

- within +/-700V at this | |
\\ operating point (open Iobp)
\

Sr3/Sr4 turned O\

" Fixed precharge time

| / _ Bri/Br
‘

Fixed precharge time
Br3/Br4

osifive]
= -27638ps
AX= 36182 kHz

Figure 4.21: Switching cycle observation 1 with fked prechargetime at 10A DC-
link current and_no load. C1: o) ,, C2: o ,, C3: | » (Rogowski), C4:: || >
(Rogowski), C5::4 ,, C6: 0y LhC7: O »» C8:0y, DO e » PLira| » D2
Tl > D3 e | > D4 T || » D5 | DB T} > D7 || 5 DB:
Convl_precharge, D9: Conv2_precharge
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operating conditions of this observation, the fixed precharge delay results in a maximum
resonant capacitor voltage ofx 1 However, it is evident that keeping tHiged
precharge time as the DBk current continues increasing would quickly lead to

unsustainable voltage stress levels and catastrophic failures.

The £cond observatiorkigure4.22, is madeshortly thereafter while the D{nk
current is still being ramped up its steadystate valueandmeasurect about 30AThe
negative vector is still skippeth this observation However, the precharge control
mechanism is now ifull effect, and the resonant switches are directly turned on by the

detection of the negative threshold on the resonant capacitors of the respective converters.

I ‘ )
| i
I [
3 3'
N T \
‘.  Resonant capacitor h h, { Ny i i e,
% voltage controlled | | \ \ \ ! ! \
. within +- 950V \ | | A\
e e : - T }
\‘ | ‘\‘ | No negative vector | \ }
\ | Sr1/Sr2 turned ON/"_" \ | 9 PN
\_’l/" ‘
I \ I
\ I
\I VCr threshold\ : } | N
i \
_______ v _ Y __ _______________L_______________ e e
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Br3/Br4 Precharge

control trigg ere&\_

Br1/Br2 Precharge

/ control triggered

Thase 201 ms| Trigger

Figure 4.22 Switching cycle observation2 with precharge control mechanism
enabled, 30A DClink current and no load. Cl: oj,, C2: o.,, C3
" » (Rogowski), C4: " » (Rogowski), C5:7j ,, C6: o LhC7: Of », C8: 0, DO:
Tl > DLwaps D2 waq»: B3 ey »: DAy »o DS ey »: DE:
T<«ll» D7« »» D8: Convl_precharge, D9: Conv2_precharge
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This is highlighted in the figur&here thecircuit B threshold detectiopulsestriggersthe
corresponding resonance phabader these operating conditions, theltages of the
resonant capacitgrand the D@ink voltage during the resonance phasee controlled
within a w vaband. It should be noted that althoubk circuit B threshold detection
design value isw Y wain this prototype, the total delay to tl®rresponding
resonant switcteffectively turning on, including propagation delay, debouncing logic
delay and gate driver delay, is measuretearound 200ns experimentally. This explains
the marginally larger maximum negative voltdgeelsobserved experimentally. Yet very
accurate control is still achiege¢hrough this control mechanism. The resulting turn on
delay dynamically inserted by the precharge control mechanism is measured to
0 @& * ifor these operating conditionstarting from the freewheeling staféhis is
roughly half the presebnstant prechargalue used with the control mechanism bypassed

in observation 1 which would have led to catastrophic voltage levels (estimated > 1800V)

for this operating point.

A third observation isnadeduring this experiment arréportedn Figure4.23. For
this observation, the DNk current has reached the steady state value of 50A and the load
current has increased to about 10Aereis now a negative vector inigswitching cycle
measuredht -400V asvisible in the figure. Despite #sedramatically different operating
conditions, the precharge control mechanism operates properly and controls the peak
resonant capacite@ndDC-link voltages within a w Yaband. This is a noteworthy result
as the voltages are consistently kept within 30\B%rdifference, of the precharge control

achieval under observation 2, while the Bidk current has almost doubled. Even more
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critically, the turn on delay, or precharg¥sS state, now takes place following a negative
vector at400V. This is vastly different from observation 2 where the precharge took place
from a freewheeling vector, that is essentially OV. The significantly different operating
conditions are confirmed by ehresulting turned on delay intrinsically inserted by the

precharge control mechanism, measure® at ¢&" iin this caseas compared to

o] @8 * ifor observation 2.

To complete this experimental validatjahe MS4T prototype is operated at 100A
DC-link current and 20A loading current and the resulting switching waveforms are

presented irFigure4.24. Once again, the precharge control mechanism ensuediglale

12¢



P e o

i Resonant capacitor |
e || ™ voltage controlled
\ within +/- 1100V

i
i
i
i
i
i
i
\ -
i
i
i
i
i

i) 4 ‘ \ My
\‘ \ B Negative vecto Vo
\ VCr threshold \ A \
[ S— e e [ E— E— S — S— L ————
s
N‘f-"’\l : | f'J‘u"-'ﬂl
S0 P A — e i T L4k il e i
v . 1 |,W |
Bra/Br4 Precharge f\ |5 l1aps Br1/Br2 Precharge
control triggered ey control triggered

Tb

-19. TDDms Trigger

X1= \EITZ!S" ms
X2= 10723307 ms 1AX= IQH 3 kHz

Figure 4.24: Switching cycle observation4 with precharge control mechanism
enabled 100A DGlink current and 20A load (circulating path). C1: o) ,, C2:
Oy, C31% " » (Rogowski), C4::: Fl » (Rogowski), C5:%; ,hC7: o », C8:0,, DO:

T<11> DLTaq)» D2 Ta» D3 e » D4 Ta ]| s D5 Ta > D6
T<«ll» D7« »» D8: Convl_precharge, D9: Conv2_precharge

and consistenprecharge of the resonant capacitors undesdhew operating conditions.

The resulting precharge time inserted by the control mechanism is measured at about
o] p& ' | half of the value measured under observation 3. This is consistent with an
operating point at double the BI@k current, and starting from the same negative vector
voltage level at400V. In this case the resonant capacitor andliBiCvoltage is kept

withina p 1 mhand.

The measurements taken witle precharge control mechanism enabled and for the
different operating conditions are summarized@aible4.1. This confirms the effectiveness
of the precharge control mechanism to not only achieve ZVSsaitithing under vastly

different operating conditions, but also to maintain the peak resonant capacitor voltages
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Table 4.1: Precharge control mechanism experimental observations

Observation 2 3 4
DC-link current 30A 50A 100A
a4 OA (no load) 10A 20A
Resulting =, o8 ‘i e i pg * i
Voltage control band W LA w Yan P p W
ZNS Yes Yes Yes

and DGClink voltages within a narrow and acceptable band. As se€alile4.1, between
observations 2 and 4, the maximum voltage envelop increased by ~15% while-linék DC
current more than tripled aral-400V negative vector was introducedthre switching
cycle. Theminimal increase in the voltagstressband is due to the unavoidable
propagation and logidelayswhich results ira small fixedoffsetduration in theorecharge
timeo which cannot be eliminated by the precharge control mechanism. Howeser
delay can be accountéaf in the selection of the threshold detection lewel used in the
control so that the maximum streksvels under worstcase scenaricemainacceptable
and while guarantying the soefiwitching operation across the entire operating range.
Finally, the wide variations in the dynamic inherently set by the precharge control
mechanism across the observations further demonstrate that a fixed precharge time cannot
be used. In additigrthe resulting precharge time depends-hio@arly on a number of

operating parameteras seen in the tablend cannot be estimated easily
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This concludes the experimental validation of the precharge control mechanism,
critical element of the proposed universal resonant transition control strategy, and further
illustrates its importance in ensuring a reliable, safe andsadfithing operation of the

MS4T and MSSCStonverter familiesn multiport applications

4.6 Conclusion andContributions

This chaptenntroduceda universalresonanttransition control strategyor the
MS4T and MSSCStonverte families aimed at enablingafe, robustand reliable soft
switching operation in the demanding multiport fquadrant applications targeteéthe
proposedapproach relies onself-containedresonant modulstructurethat integratethe
resonant circuit and two novel sensing circuilthesesensingcircuits aredesigned to
extract minimal andcritical information on the state of the resonant capacitehjle
offering highvoltage isolation (>KV), low propagation delag<100ns)and significantly
reduced cost compared to conventional sensing methbdsensingsignalsgeneratedby
the resonant module atdilized in new subswitchingcycle resonant transition control
mechanisms, offering fast, simple and robust cdeep control of thesemiconductor

gating patterns during they converterstatetransitions throughout the switching cycle.

The techniques developed andependent ofhe highedevel modulation scheme
used to control the converter, aalthoughinitially motivated by the MS4T and MSSCSI
multiport applications, thgroposeduniversal resonant transition control strategy is
broadly applicable across all variants ofghgvo converter families and use cases. The
sensing circuits have beeexperimentally validated and the effectivenessf the

control mechanismshas beendemonstratedthrough bothsimulation andhardware



implementation Overall, the universal resonant transition control is expected to
significantly enhancehe robustness of the two converter families under all operating
conditions and transients, including faults;y minimizing device voltage stress, and

ensuring consistergoft-switching operation of the power electronics across the broad

application space.
The main contributionpresentedhn this chapteare as follows

1 Introductionand experimentalalidationof a resonant modulstructurewith
two new sensing circuitdesignedo monitorcritical timing informationon the
state of the resonant capacitor

1 Development of new subswitchingcycle resonant transition control
techniquesto provide fast, simple and robust clddeop control of the
semiconductor gating during the key state transitions of the converters

1 Developmentsimulation andhardwaredemonstration of a universal resonant
transition control framework to ensure safe, robustswitching operation of
the MS4T and MSSCSionvertersunder alloperatingconditions, including

large transients and faults.
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CHAPTER 5. GENERALIZED ENHANCED MODULATION
STRATEGY TO ELIMINATE DEVICE OVERVOL TAGE STRESS

IN MULTIPORT APPLICATIONS

5.1 Introduction

The multiportsoftswitching solidstate transformgMS4T) and the multipogoft-
switching current source invertéiISSCSI)require carefutontrol of thepower devices
to ensureorrect conversion functionalitgvoid spurious switching states, and enZM8
operationThis is achieved bgugmentingxisting modulation schemes with speeietive
vector sorting algorithmw enable the seBwitching operationln the MS4T, additional
challenges arise from the interaction of the bidirectional voltdgeking characteristic of
the switch positions, the devicesd stray
bridgesdue to the highHrequency galvanic isolatioPrevious work95] has identified the
impact of devicgarasiticon the voltage sharing between the series connection of the two

power devices within the switch position.

The work detailed in this chaptércuseson themore severeffect of device stray
capacitance on the voltage sharing between the two switch positions withasdeg of
the MS4Tand the associated overvoltage stress phenomenon where the voltage magnitude
across a switch position is higher than the total leg voltage. This overvoltage stress
phenomenon also generates spurious high dv/dt switching transitions, increasing EMI,
transbrmer winding stress and commuorode voltageThis is particularly pronowed in

the MS4T with the increased number of phases legs reddarenultiport applicationghat
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Figure 5.1: Three-phase, 6legimplementation of the MSA4T.

are now feasibleA newgeneralizeé&nhanceanodulation strategfGEMS) is proposedn

this chapterto eliminatethe additional voltage stress on the switches anehtble a true
ZVS operation of all the power devicesthe MS4T under all conditions. Thisimple
GEMS modulation schemsupports full fomrguadrant operation and applies broadly to all
converter variants within the familyrhe transformer winding stress and the comimon
mode voltage are also reduced with the new modulation stralegyacilitate the
derivations, the rest of this chapter takes the exampleMS4T constructedvith 3 phase

legs on either bridgeand operating in a generic AGC conversionrmode as shown in
Figure5.1. However the analysis, derivations, arfdndamental principles of théEMS
scheme directly apply to any number of phases legs and all operational implemgntation
and conversion modgof the MS4T It should also ba&otedthat theGEMS scheme can
readily be adapted to the MSSCSI topology where a similar unequal voltage sharing

between the switch positions is observed under certain operating conditions.

The rest of thechapteris organized as follows. The fundamentabdulation

principles of theMS4T, necessary to the understanding of the concepts and techniques



detailed in thischapter will be summarized first. The impact of device parasitic
capacitance on the voltage sharing between the switch positions and the resulting
overvoltage stress will then be analyzed. Finally, the prop@&dS modulation scheme

will be presented. Experimental results are provided throughoutddnieations to

demonstrate the effectiveness of the proposed method.

5.2 Fundamental Principles ofMS4T Modulation

5.2.1 Switching Cycle Construction

A typical switching cycleof the MS4T configurationn Figure 5.1 is shown in
Figure5.2. Recall from the derivationa CHAPTER 3that the M54 T operates bgpplying
a series of active vectors, from either bridge, onto the isolated currehblo®© charge
and dischargehte magnetizing inductance of the transforna@d transfer energy between
the bridges with galvanic isolation. The active vegtoosresponding to one of the ey
leg voltages of either bridgare sorted based on the resulting voltagel appliedon the
DC-link and are sequenceth descendingvoltage order to enable the sedivitching
operation. A ZVS transition stateinserted betweemo contiguous vectors whi¢hased

on the operating conditionsan be from the same bridge or from two diffetemndges

The number of active vectors per switching cycle depends on the number of ports
supportedy the MS4Timplementation, and the conversion motlee AC/AC conversion
mode considered in this chapter is the most general operating mode with every switch
position subjected to a bidirectional voltage stressfalalving an identical modulation
pattern throughout the AC line cyclghis general operating modedsosen in the rest of

this chapter for greater generalization. Under these conditions, four active vectors are used
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Figure 5.2: MS4T switching cyclein three-phase AC/AC 6leg configuration.

in the switchingcycle,® ho hd andw as identified inFigure5.2. The charging
vectorsw hw are applied byridge 1, while the discharging vectors are applied by
bridge 2. Finally, and as previously detaileddRAPTER 3 exactly one bridge is active
at any given time during the active vector staidsle both bridges arased tdreewheel

the current during the zero vector state.

This sequential operation of the bridges is inherent to the MS4T working principles
and is the root cause of the device overvoltsigess,observed experimentallyithout

additionalmodificationsin the basic modulation schenas, will be detailed next.
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5.2.2 Basics oMS4T Modulation

Two switching cells can be identified withinBi54 T br i dge, a Oposit

cel,Y, and a 0negaty, wnterfacing thva curerit DGnigwitit omdport,

at a timeduring an active vectoidn the configuration shown iRigure 5.1, considering
Bridge 1, the positive and negative switching cells are composed of switch positions
"y hYy AY and "y HY HY hrespectively. Within a switching cell, exactly
one switch position must be active at a time during the charging, discharging and
freewheeling states of the converter. To apply the required active vectors two switch
positions within the active bridge, oper switching cell, are turned ON. The two switch
positions activated belong to different legs in order to apply the targetamornvoltage

level from the available letp-leg voltagesand connect to the target poRuring the
freewheeling state, both activated switch positions belong to the same britlgbypgss

the DC-link current. Both bridges aresedduring the freewheeling state to minimize

conduction loss.

As the bridge applies the sequence of vectors determined by the-lewghler
converter control, it is necessary to ensure a continuity of the switching statediamd
the switching action between contiguous switching states to one switching cell, with
exactly one switch position turning ON and one switch position turning OFF. This avoids
spurious switching states and results in one switch position within theetralgg kept
ON during all switching states of the bridge. This switch is referredtoasté pi vot 6 sw
in the following. Within a bridge, the 6p

modulator as the switch belonging to the lgfgthe bridgewith the highest current
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reference, and satisfying the polarity of the current reference. Without loss of generality,

take the example diridge 1 inFigure5.1 being the charging bridge, and assume that:

sOs | A@O g8

whereQ HQ FQ are the current reference for a, b and c, respectivelypand

are two of the lingo-line voltages.

Active vectorl: V1 = Vipr = Vi Active vector2: Vg, = Vo = —Vie
+ +
I A S1ap - Sy, [ Slep N Slap 4'551;,;0 [ S1g,
f | {'Z’Trl %Z‘T'rl
i S
lal,bl,cl Lom L,}o ST e
i VB'rl T tm \% =3 "
¢ > I Cr ¢ Brl Cr m¢
+ T n ”
=== == - Sla,'n, = Slbn - Sl(z'n, l
Cy il '%J ] Ret;?]rllart CritT AL STan A ST [ Slen Resonart
Pivotdswitch—" Bridge 1 Vol - tank

Pivodswitch—” Bridge 1

Switching state

¥ continuity
A ] |
]
Freewheeling vectol/,; = 0 Slap | !
+ L} L}
] |7
S]-ap —|ESIbp — Slcp _ Slbp :
]

Yire e
L5 Ly, e SlCT’

Pt

VBr1 | T im ! !
I c"r ¢ S]-an : :
+ r & Sle, : :
Slan Al Sy, | Sl ! L
N /! ; - Retz(r)wrllart Slpn i X! ¢Pivotdswitch
Pivoidswitch—" Bridgel ! 1 Always ON
n - : >
opsien ’ Active vectorl:Actlve, vector2! Freewheeling
Wit Wo2 vector 0

Figure 5.3: Bridge 1 switching states and corresponding gating sequence with swi
positiond| 4. serving as pivot switch.
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In this case, the two active vectors of Bridge 1lare w andw W,
and switch™p is the pivot switch. The three switching states of Bridge 1 under these
assumptions, during the charging and freewheeling phases, are summakizgroab.3,

along with the corresponding gating sequence.

5.3 Impact of Device Stray Capacitance on the Operation of th®1 S4T

5.3.1 Overvoltage Stress Phenomenon

In the MSA4T, one and only one bridge is active at a time duringattiere vector
statesOne intuitive modulation strategy is then to control only the switches from the active
bridgeapplyinga sequence dctive vectos, andto gate OFF all the switches from the
inactive bridge duringhis sameperiod This conventional modulation scheme is used to
control the 25kVA, 3phase, 480\WS4T prototype in the configuration Bigure5.1, and

shown inFigure5.4. The converter operates in an AC/AC conversion mode,hwittige 1
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Figure 5.5: Switching cycle waveforms and voltage across switch positiobh 4-
under conventional modulation scheme. A negative overvoltage stress and a hi
dv/dt turn ON are visible for this operating point.

andbridge 2 acting as the charging and discharging bridge, respectively. The waveforms
of interest over a switching cycle, following the conventions detailéthure5.1, and the

switching pattern of both bridges are showirigure5.5.

In this conventional modulation scheme, when a bridge is active and applies its
series of active vectors, one switch position per switching cell is turned ON as detailed
previously. This applies the selected voltage across the transformer winding conmected
the active bridge, and in turn determines the voltage across all the switch positions of the
bridge following Kirchoffds voltage | aw. A
left floating, with all its switches turned OFF, as showhRigure5.5. Only the differential
voltage across t he of|isfxdadibytle oferation of thedastivewi n d i

bridge, through the transformer. This dete

legs but does not directly fix the voltage sharing between the positive and negative
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reverseblocking switch positions of the legs. Additional voltage stress and spurious high
dv/dt switching can result from unequal voltage sharing between the two switch positions

within a leg.

Figureb5.5 also shows the voltage pattern across one of the switch positions of the
charging bridge}Yy in this case, through the switching cycle. Witeidige 1 is active
during the charging phasw, is fully resolved equal to zero when the switch is ON, or
to one of the lego-leg voltages of the bridge when the switch is OFF. In this gse,is
ON for the first active vector and turns OFF for the second active vector with a controlled
ZVS transition as highlighted iRigure5.5. During the discharging phas®idge 1 is OFF
and left floating under this conventional modulation scheme. The differential voltage
across the bwi,tipesire voltaga applied dy the dischargbridge,

@ , coupled through the transformand sets the voltage across the legs in the bridge.
With all the switch positions gated OFF, the voltage variations across switch pogition
during the rest of the switching cycle a®tby the capacitive voltage divider formed by

the stray capacitances® and™ ,0p andbdp , as shown irFigure5.6. In the

following and for simplification purposes, it is assumed &é@mt 0p |, so that:

, 10
7w T U$)

whergl @ is the voltage variation across switch posifign in response to a voltage

variationl @ on t he phase | tagformemdndiighottagelrshodld) e 6 s
be noted that the assumpti@mp Op , although generally accurate in practical

implementations, yields conservative results in the voltage stress derivation. Uneven



sharing within the phase leg undex® would lead to additional stress because of this

mechanism.

The full voltage across switch positioyp throughout the rest of the switching
cycle can then be determined taking into account the initial voltage of the parasitic
capacitancef the switch @ T, at the beginning of the discharging phase, when all
switches of the charging bridgarjdge 1in this caseareturned OFFE This initial voltage
depends on the switching pattern of the bridgengthe charging phase and can be of any
polarity because of the voltage bidirectionality of the switches. The subsequent variations
onw during the discharging phase and the resonance phase determine the most negative
and most positive voltages blocked by switch positign through the rest of the
switching cycle. Assuming a symmetrical positive and negative peak voltage paqual
to the maximum voltage during the resonange, the following equations can be derived

from v® :

()
wE w mn — vg
G
+
C].bp —_— VSlbp
VBr1 <+_-> ;
Clbn T VSlbn

Figure 5.6: Equivalent circuit for voltage sharing analysis withinbridge 1 leg h
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o) w Tt T k)

wherew € andox) are the most negative voltage and most positive voltage

blocked by , andw is the peak voltage ab over a switching cycle, observed

during the resonance, as definedrigure5.2.

A negative overvoltage stress is observed acigss if the maximum
negative voltage across the switch position is larger than the peak negative voltage blocked

by the leg:

From u& this happens whenw T — 1t This is the case

shown inFigure5.5, with @ T Tat the beginning of the discharging phase, leading

to an additional negative voltage stressYon observed at the beginning of the resonance

phase, withw w U

Similarly, a positive overvoltage stress is observed acioss if the maximum
positive voltage across the switch position is larger than the peak positive voltage blocked

by the leg, at the end of the resonance phase:
wn @ e

From u& this is true whem T — TU This is possible depending on

the last switching state of the bridge in the charging phase.
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A negative overvoltage stress on a switch position also induces a spurious high
dv/dt turn ON of the device at the beginning of the next charging phase. This is inevitable
as the resonance phase is designed to increase the switch voltage khich is not
enough to reach a positive valueisgpparenfrom v& , and thus fails to reverse bias
the series diode in the switch position as is required for the ZVS operation. This is
confirmed inFigure 5.5 with a spurious high dv/dt turn ON observed§n after the

negative overvoltage stress.

It should be noted that the conditions for a spurious high dv/dt turn ON only occur
following a negative overvoltage stress. Because of the modulation process, the opposite
switch turning ON, the pivot switch, cannot also simultaneously experience aveegati
overvoltage stress and spurious high dv/dt turn ON. This in turn suggests that the high dv/dt
turn ON of the switch undergoing a negative overvoltage stress does not lead te a hard
switching turn ON of the entire active vector position. Thus the higtit durn ON is
analogous to a fortuitoudCS event, and is not expected to induce significant switching
loss, other than the energy lost in the discharge of the parasitic output capatitande
the active switch. However, the high dv/dt switching action induces additional EMI,

commonmode voltage and transformer winding stress

The analysis has been focused thus far on the charging bridge and is significantly
different for the discharging bridge. Owing to the structure oMI8 T switching cycle,
the discharging bridgeor the last bridge to apply a negative active vector in the more
general cases active right before the resonance sequence, so that thevioiteade of the
parasitic capacitances of tisavitch positiols within the bridge at the beginning of the

resonance sequence are bound by the maximurtodeg voltages bthe discharging
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Figure 5.7: Switching cycle waveforms and voltage across switch positiobh 4-

under conventional modulation scheme.
bridge. This eliminates the additional voltage stress, both negative and positive, on all
switch positions of the discharging bridge. However, spurious high dv/dt turn ON are still
observed. This is confirmed kigure5.7 showing the voltage acroS¢ , mirror of ™
on the discharging bridge, for a switching cycle whafe is also ON for the first active
vector of the discharging bridge. No additional voltage stress can be obsetved pyet
a high dv/dt transition is expected on a switch position within the same switching cell, as

shown by the high positive dv/dt highlighted in the figure.
5.3.2 General Formulation and Extension to all Switch Positions

In the AC/AC conversion mode chosen as the most generdiotdke derivations

in this chapterevery switch position of the bridge will assume every possible switching
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pattern throughout the AC line cyclBheabove analysis can thus be extended to all switch
positions, on a bridge basis. Expression® and v®& can be extended to express the
most negative and most positive voltage blocked by any switch position within the charging

bridge as follows:

(V) w Tt T O&

wherew ¢ andwr] are the most negative and most positive voltage blocked
by a given switch position in the charging bridge, over a switching cyclegand 1t is
the initial voltage of thearasitic capacitanad theswitch position at the beginning of the

negative vector sequence

The switch position initial voltages 1t is fixed by the last switching
state of the charging bridgad is bound by the maximum lgleg voltage of the bridge
in the application considered. From® and v , and using the definitions presented in
&8 and uv® , a generalized expression of the maximum switch overvoltage level, of

either polaritydue to this mechanisim then:
W | A@Qwe w oy w Ww S T vay

wherew is the maximum switch overvoltage stress level@nds the maximum

leg-to-leg voltage of the bridge.
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Furthermore, recognizing that in typicMS4T applicatios, the peak
resonance voltage is kept 1620% above the maximum ldég-leg voltage w of the

converter, the maximum overvoltage stress level on a per unit basis is within:

pP&No w P& 6 L&Y

Thus, the mechanism detailed in this work can result in as much-68%40
overvoltage, or 1.4pu to @pu voltage stress, on all switch positions of the bridge. This
overvoltage is of either polarity and therefore results in significant additional voltage stress
on both the series diode under positive overvoltage, and the S&Ci®&dOSFET under

negative overvoltage, within each switch position.

To confirm the above analysis, the voltage across switch positfpnsand™
are also observed experimentally over multiple line cycles and showigune5.8. As
expected, both positive and negative overvoltage stress are obserued orwith as
much as 40%vervoltagestressacross the switch position for this operating point, within
the theoreticalrange developed in v& . Similar voltage waveforms and device
overvoltagestressare observed for every switch positiorthe charging bridge, owing to
the AGAC conversion mode used in this experiment. In additibn, does not showcase
any additional voltage stress throughout the line cycle, as expected, and this is true for all

switch positions in the discharging bridge.

The notion of 0pi ®.22is@riticavin deterhining the imitiald u c e d
voltage conditions across all switch positi@hsing the last active vector applied by the

bridge, and thus dictates the overvoltage stress seen by the devices for the rest of the cycle.
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Figure 5.8: Voltage across switch position| 4. ( ;) in charging bridge and
-|| 4 - (THI%- in discharging bridge over multiple line cycles and under
conventional modulation strategy, with switching pattern cases identified foﬂ 4

Table 5.1: Switching pattern classification based on pivot switch identification

Switching Switch position relation to Overvoltage
pattern pivot switch T + type
Switch is in same switching Positive
Case | ; . >0
cell as pivot switch overvoltage
Switch is in opposite switching Neagative
Case cell and different leg than pivg <0 9
: overvoltage
switch
Case lll Switch is pivot switch 0 No overvoltage
Switch is in pivot switch leg, ir
Case IV opposite switching c_eII 0 No overvoltage
(complementary of pivot
switch)
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