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High Frequency Resonant Converters with Optimized
Circulating Energy for Ultra -Wide Voltage Range EV
Charging Applications

Zhengming Hou
ABSTRACT

The rapid growth of electric vehicles (EVs) has created a strong demand for isolated
dcidc converters capable of operating over an -wlide output voltage range while
maintaining high efficiency and high poweensity. Among various isolated converter
topologies, the LLC resonant converter is widely adopted due to its inheresiveofting
capability. However, in wideutputvoltage EV charging applications, conventional LLC
converters rely on large switching frequemeyiationto regulate the outpubltage. This
operating characteristic inevitably leads to excessive circulating etieapgh the entire
primary switching networkshighervoltage and current stress on resonant components,
and significant degradation of fulhnge efficiency, especially as the operating point
deviates from the resonant frequency.

In universal EV charging systems, where the output volisgequired tocover a
broad range of battery voltag@sg., 50 ¥ 1000 V), the fundamental challenge is no longer
voltage regulation alone, but rather howaatimize the resonantirculating energyof
LLC-based converters tm &fficient operating region while supporting ulirade voltage
gain. Conventional resonant converter topologies struggle to simultaneously satisfy these
conflicting requirements, particularly under hiffequency operatiomnvhere circulating
energy directly impactsfficiencyand power density.

This dissertation investigates widetputrange resonant ddc convertedesignfor

EV charging applications, with a focus on limiting the circulating energy of LLC resonant



converters across an ukwade voltage range. Aireeapproaches are explored, including
modulation, topology, and resonant tank design methodolo@y accurately capture
resonant behavior over wide operating conditions, -im®ain analysis (TDA) is
employed in place of the conventional fireirmonic approximation (FHA), enabling
precise resonant tank optimization.

First, a novel pulsaidth-modulated (PWM) LLC resonant converter with voltage
multiplier rectifiers is proposed to decouple voltage regulation from switching frequency
variation. By operating at a fixed resonant frequency and utilizing secoesidaryWM
control, the proposed topolo@gan operate at the resonant frequency which is considered
asits optimal point, thereby limiting circulating energy while achieving an -wice
output voltage range. A tirrdomainbased optimization methodology is developed
accurately model theesonantbehavior on the primary sidend guide resonarntink
parametepptimizationfor improved fultrange efficiencywhile maintaining zeravoltage
switching(ZVS) across thentireoperating range

Second, to fundamentally restrict the resonant energy circulation through topology
design, a LLC-T resonant converter topology is introduced to reshape the voltage gain
characteristic at the resongank level. By incorporating an inverseupled auxiliary
transformer into the resonant tatthe equivalentresonant inductance and capacitance are
load dependent. Thusid LLC-T topology significantly compresses the required switching
frequency range and reduces circulating energy and resonant compastainpared
to conventional LLC converters with identical resonant tank designs.-ibdagendent
ZVS is maintained over a wide voltage and load range, enabling efficienfrbgglency

operation.The operating principles and characteristics of the proposed topology are



analyzed using a timdomain model under different operating conditions, including
aboveresonant, belowesonant (inductive and capacitive regions), andesdnant
operation.

Finally, building upon the LLET resonant tank as a legain, highefficiency
operating mode, an LLTibased reconfigurable resonant converter architecture is
developed to extend the achievable voltage regulation range for universal EV charging
systems cosring a 50 W1000 V output range. An optimization strategy is proposed for
resonant converters with wide gain range requirements to guide resonant tank design and
limit circulating energy within each operating mode. By dividing the overall voltage gain
into multiple operating modes, the proposed architecture replaces a wide continuous
operating range with multiple narrow resonant operation regions, further reducing
circulating energy while preserving safivitching performance. Experimental results from
a 37 kW prototype validate the proposed concepts and demonstrate high efficiency and a
power density exceeding 5 kW/L across the entire output voltage range.

This dissertation demonstrates that constraining circulating energy through
modulation, topology design, and resonant tank optimization provides an effective
approachtoward highefficiency, high power densitypltrawide-range isolated dclc

converters for nexgjeneration EV charging applications.
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Circulating Energy for Ultra -Wide Voltage Range EV
Charging Applications

Zhengming Hou
GENERAL AUDIENCE ABSTRACT

The rapid adoption of electric vehicles is driving the need for more efficient and
flexible charging technologies. One of the key challenges in electric vehicle charging
systems is the design of power converters that can efficiently adapt to a wide fange o
battery voltages. Because different electric vehicles operate at vastly different voltage
levels, a universal charging system must function reliably across an extremely wide voltage
range while maintaining high efficiency and compact size.

Conventional power conversion approaches struggle to meet these requirements
simultaneously. Designs that support a wide voltage range often suffer from reduced
efficiency due to excessive internal energy circulation, which increases electrical stress,
hed generation, and system size. As a result, achieving high efficiency across the entire
operating range remains a major obstacle for-gexkeration electric vehicle charging
systems.

This dissertation addresses this challenge by developing new power converter designs
thatconstraininternal energy circulation while enabling wide voltage adaptability. Rather
than relying on a single design technique, the work exptbfiesentstrategies thadllow
it to remain close to its most efficient operating condition across a broad range of output
voltages.

Through analytical modeling, design optimization, and experimental validation, this

research demonstrates that wide voltage compatibility, high efficiency, and compact



system size can be achieved simultaneously. The results contribute to the development of
high-performance, universal electric vehicle charging systems. More broadly, the design
principles presented in this dissertation provide insights applicable to fpawer
electronics systems that must operate efficiently over wide ranges of operating conditions

while maintaining high power density.
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Chapterl

|l ntroducti on

1.1 Background and Motivation

The rapid electrification of transportation has accelerated the global deployment of electric
vehicles (EVs), driving a strong demand for efficient, reliable, and flexible charging systems. As
EV adoption expands worldwide, charging infrastructures areomger designed for a single
vehicle platform or regional standard. Instead, there is a growing emphasis on universal EV
chargers capable of supporting diverse vehicle architectures and complying with multiple charging
protocols across different markets.

One of the fundamental challenges in realizing universal EV charging systems is the wide
diversity of battery voltage levels imposed by different vehicle classes and charging standards. In
mainstream tractichased passenger electric vehicles designetiifinway operation and fast
charging, battery voltages typically range from several hundred volts to above 800 V. These high
voltage platforms are increasingly adopted to reduce conduction losses, improve system efficiency,
and enable fast or ultfast chaging[1].

However, not all EV markets follow this higloltage trajectory. In certain regions, charging
standards explicitly accommodate lawltage electric vehicles. A representative example is the
BharatDC-001charging standar®], which has been developed to support-sestsitive and low
speed electric vehicles widely deployed in India. Under this framework, EV battery voltages can

be as low as 48 ¥¢lass architectures. Although these {ealtage EVs are not dominant in high



power fastcharging applications, they represent a substantial installed base and must be supported
by charging infrastructure designed for regional interoperability.

Beyond Bharat, other widely adopted charging stan@amisduding CHAdeMO, CCS, and
ChaoJd primarily target higheroltage traction batteries and define distinct voltage and current
envelopes for dc charging. Taken together, these protocols impose hitgngleaeous electrical
requirements on EV charging systemscérding toSociety of Automotive EngineerSAE)
J1772202401[3], an EV charging power module intended for univerdarging shouldoe
capable of supporting an extremely wide dc output voltagge, spanning from lowoltage
battery systems on the order of 50 V to higiitage traction platforms approaching 1 kV.
According to the standard (Q/GDW 1023318) in China, the constant power region shall be
maintained from 330V to 1kV and below the 330V, the charging module shall be able to deliver
the rated maximum current.

From a power electronics perspective, this requirement pdadetconstraints on the design
of isolated dédc converters used in EV charging modules. Galvanic isolation is universally
required to meet safety regulations across all charging standards. High efficiency must be
maintained across the entire voltage rangaitimize energy loss and thermal stress, while high
power density is essential to reduce system size, weight, and cost. Achieving these objectives
simultaneously becomes increasingly challenging as the voltage regulation range expands from
tens of volts tonearly one kilovolt.

Conventional converter designs optimized for a narrow voltage window are insufficient to
meet these demands. Instead, thiddcconversion stage must be inherently capable of wide

voltage adaptability while maintaining efficient and reliable operations@ bballenges motivate



continued research into advanced isolatédld@converter technologies that can support a 60 V

1000V output voltage range for universal EV charging applications.
1.2Resonant Converters for EV Charging Applications

Regardless of the charging protocol or battery voltage level, the isolatdd denverter
serves as the coveltage regulatiostage in EV charging systeras shown in Fidl.1. Its primary
function is toconvertthe delink voltage to the battery voltage while providing galvanic isolation,
high efficiency, and controllable power flow. As EV charging power levels continue to increase
and universal compatibility becomes a key requirement, the performance ofl#tedisti dc

stage increasingly determinte overall efficiency, power density, and reliability of the charging

system.
Grid PFC Isolated dc-dc EV battery
AR, - DC Link = .- -.
EPE " —

Fig. 1.1 EV charging systems block diagram.

A variety of isolated converter topologies have been investigated for EV charging
applications, including twatage solutions based on a dc transformer (DCX) followed by a PWM
converter, phasshift full-bridge (PSFB) converters, deattivebridge (DAB) onverters, and
resonant converters.

a) Two-stage architecture

Two-stage architecturgdig. 12) combining a dc transformer (DCX) with a pulselth-

modulated (PWM) convertértypically a buck or budkboost convertér have been proposea

[4], [5] for EV charging applications due to their mature technology base and relatively simple
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control strategy. In such systems, the DCX stage operates as an unregulatedijdnegicy

isolated converter, while the PWM stage provides the required output voltage regAlétiongh

this approach can accommodate a wide output voltage range, both power stages are required to
process the full output power. As a result, the overall system experiences increased conduction
and switching losses, particularly in the PWM stage wipemaiing far from its optimal duty ratio.

In addition, the cascaded struict leads to increased component count, larger system volume, and
more complex thermal managemedbnsequently, DC>ased twestage solutions face inherent
efficiency and cost challenges when applied to {ugtver, widevoltagerange EV charging

systems, making them less attractive for compact and scalable universal charger designs.

I
I
Grid PFC : DCX PWM Converter | EV battery
I
s
AR =_ DC Link | = = : .. ..
AN, : ———
f ] e — I
— | m— ——
£\ ! i - e
I
I

Fig. 1.2 Two-stage &/ charging systems block diagram.

b) Phaseshift full-bridge (PSFB)

PSFBconvertergFig. 13) represent a mature and widely adopted isolated topology for high
power applications. PSFB converters feature fiftequency operation and relatively simple
control implementation, which makes them attractive for industrial power conversion systems.
Howewer, their softswitching capability is inherently limited, particularly under lidbéd
conditions and wide output voltage variatibmcreasing the transformer leakage inductance can
extend the sofswitching range of PSFB converters by providing addéioenergy for zero
voltage switching. Nevertheless, a larger leakage inductance aggravateydeitioss, which

leads to increased conduction lossd reduced efficiency. Moreover, excessive leakage
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inductance constrains the achievable switching frequency, thereby restricting power density

improvement.
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Fig. 1.3 Phaseshift full bridge converter. (a) Topology. (b) Typical operaticaveforms

with duty cycle lossri [6].

On the secondary side, the junction capacitance of rectifier diodes can resonate with the
transformer leakage inductance, resulting in significant voltage stress across the diodes. Although
auxiliary clamping techniques can be employed to mitigate thie,skey inevitably introduce
additional circuit complexity, increased component count, and extra power loss. As a consequence
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of these limitations, PSFB converters are typically operated at relatively low switching frequencies,
making them less attractive for compact, Rpgwerdensity EV charging modules that require
wide voltage adaptability and high efficiency.

c) Dualactivebridge (DAB)

DAB convertergFig. 14) represent another widely studied isolated topology, particularly for
applications requiring bidirectional power trangf@r. DAB converters offer flexible power flow
control through phasghift modulation between the primary and secondary bridges and naturally
support bidirectional operation, which makes them attractive for energy storage and-teehicle
grid applications.However, the operation of DAB converters inherently involves substantial
reactive power circulation, especially when the voltage ceiomrratio deviates significantly
from unity. Under wide voltage mismatch conditions, which are common in universal EV charging
applications, this reactive power circulation results in elevated current stress, increased conduction

losses, and degraded eféncy.

+
0 0. 0 0 C.;
e R
) S Jx | :=RM% V.
in\< Vpn‘ C,,,,; < o
) ) - () )
et i ¥ i
n:1 C,: _

Fig. 1.4 Dual active bridge converter.

In conventional DAB implementations using single pkstsié (SPS) modulation, the control
scheme is relatively simple but suffers from a limited-safitching range. Similar to phasaift

full-bridge converters, zenmltage switching (ZVS) cannot be a@panteed under ligHbad



conditions or large voltage mismatch, further reducing efficiency. To address this limitation,
advanced modulation schemes such as dual {g€DPS) and triple phasshift (TPS) control
have been proposed to extend the ZVS range and reduce reaatérecpoulation Although DPS
and TPS modulation can improve ssititching performance and efficiency over a wider
operating range, they significantly increase control complexity and implementation burden. The
requirement for precise phase coordinatioicreased computational effort, and more complex
control tuning makes these approaches less attractive forphigar EV charging systems.
Consequently, despite their control flexibility, DAB converters are often less efficient and more
complex to implementinder wide voltage range conditions.
d) LLC resonant converter

LLC resonant converte(fig. 15) offer an alternativeapproach to isolated tidc conversion
by utilizing resonant networks tegulate the output voltagéhereby enabling sefiwitching
operation over a wide load ranf@. Unlike PSFB and DAB, where sediwitching capability
strongly depends on load condition and operating point, resonant converters can maintain ZVS
over a wide load rangéds a result, hargwitching operation under ligthbad condition8
commonly encountered in PSFB and singhaseshift DAB converterd can be effectively
avoided. This characteristic is particularly advantageous for EV charging applications, where

charging pofiles include extended lightad and standby operating regions.
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Fig. 1.5 LLC resonant converter.

Another key advantage &L C resonant converters their reduced turoff current. Due to
the sinusoidal nature of resonant current waveforms, the current at deviof farsignificantly
lower than that in phasghift-modulated converters. This feature leads to reduceebttiloss and
lower switchirg stress, making resonant converters well suited for-tnegfuency operation.
Higher switching frequency directly enables the use of smaller magnetic components, including
transformers and resonant inductors, thereby contributing to increased powset. densit

Despite its favorable sefiwitching characteristics and suitability for hiffequency
operation, the conventional LLC resonant converter exhibits inherent limitations iwidga
voltage range applications. Near the resonant operating point, the Inv€rter can achieve very
high efficiency; however, output voltage regulation is primarily realized through pulse frequency
modulation (PFM), and the resulting voltage gain is strongly dependent on load condition and
resonant tank parameters.

To meetwide output voltage requirements, the LLC converter must operate over a broad
switching frequency range, particularly under extreme voltage conditionsbidadfrequency
range with loaddependent gain characteristics, makes it difficult to maintain high efficiency

across the entire operating range. As a result, although the LLC resonant converter achieves



excellent peak efficiency near resonance, itsraige efficiency is inherently compromised in
ultraswide voltage applications.

This tradeoff between voltage gain range and required switching frequency range represents
a fundamental limitation of conventional LLC converters and motivates the development of
advanced resonant converter topologies and control strategies capaliiewhgovide voltage

gain within a narrow frequency range.
1.3Overview of Existing Wide-Voltage-Range Solutions

Given the wide adoption and inherent advantages of the LLC resonant converter in EV
charging applications, extensive research efforts have focused on extending its voltage regulation
capabilityand efficiency enhancemeriixisting solutions can be categorized into several classes
based on their underlying design philosophy and implementation strategy. Although these
approaches differ in circuit structure and control method, they share a common obijective:
achieving wide otput voltage regulation while presang thehigh efficiencyacross full range
a. Variable delink voltage architecture

Variable delink voltage control(Fig. 16) has been proposead [9],[10] as an effective
approach to improve the overall efficiency of EV charging systems. By adjusting vk dc
voltage according to the battery voltage, the required voltage gain of the isoliatedcdoverter
can be reduced, allowing it to operate closétstoptimal point and thereby improvingidic stage

efficiency over a wide output voltage range.
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Fig. 1.6 Variable delink voltagearchitecture

However, this approach introduces important sydtaral tradeoffs. Varying the ddink
voltage increases voltage stress odinkc components and shifts the burden of wide voltage
regulation to the frorénd power factor correction (PFC) stage. Unlikedi delink architectures,
variable delink operation forces the PFC converter to operate over a wide voltage range,
preventing it from consistently maintaining optimal efficiency and complicating its control, loss
optimization, and thermal design. Althdugfficiency improvement at the idic stage can

compensate for this penalty, the overall system efficiency gain remains constrained.
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Fig. 1.7 Efficiency of variable ddink voltagearchitecturgeported if10]. (a) PFC

efficiency. (b) dedc stage efficiency.
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From a system optimization perspective, addressing the-woidgge challenge directly
within the isolated dadc stage enables a more favorable solution. By maintaining high efficiency
across the entire output voltage range at thiedcltevel, the PFC stagcan be designed to operate
at afixed or narrowedc-link voltage.However as the required output voltage range continues to
expand, the voltage regulation capability of the PFC stage approaches its limit. Fariddtra
output ranges such as 50 VkV, voltage regulation must therefore be handled by the isolated dc

dc stage.

b. Topology reconfiguration techniques

The voltage gain of a conventional LLC resonant converter is fundamentally determined by
the resonant tank parameters, which inherently limits its achievable regulation range. To overcome
this limitation,a lot of prior work has focused on introducing multiple operating modes through
topology or parameter reconfiguration, thereby extending the output voltage range.

One category of approaches exploits additional resonant operating modds,. ddd-order
subharmonic modes are intentionally utilized to extend the voltage regulation range without
introducing extra hardware. While this method increases voltage adaptability, it results in complex
resonant behavior and typically requires a widetaving frequency range, which complicates
resonant tank design and efficiency optimization.

Another widely studied class of solutions relies on ougide reconfiguration. 1fil2], [13],

[14], [15], [16], [17] relays or auxiliary switches are employed to reconfigure series and parallel
connections of the rectifier, effectively modifying the voltage conversion ratio. These approaches
can significantly extend the output voltage range while reducing the gainameumt within each

operating mode.

11



Variable magneticomponentdasedeconfiguration techniques have also been proposed to
achieve wide voltage regulation.[li8], [19], [20], [21], adjustable turngatio LLC topologies are
realized through relays or auxiliary switches that select different transformer windlitigaigh
this approach provides a direct means of gain extension, it increases magnetic design complexity
and introduces additional parasitic effects, which can degrade efficiency and reliability.

Other methods focus on modifying resonant tank parameters to generate multiple operating
modes. IN22], [23], an adjustable magnetizing inductance LLC resonant converter is proposed,
while in [24], [25], [26], [27], [28] symmetrical split resonant tank structures are adopted to
producedifferentdistinct operating modes. These techniques expand the voltage regulation range
without altering the rectifier structure, but they increase resonant tank complexity and circulating

energy, making fullange optimizaon challenging.
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In addition, several worK29], [30], [31], [32], [33], [34], [35] achieve multimode operation
by reconfiguring between halfridge, fultbridge, and voltagenultiplier rectifier configurations.

To further extend the voltage range, antlhtilge topology with an asymmetrical resonant tank is

13



proposed if36] and[37], enabling up to six operating modes. While such approaches demonstrate
impressive voltage adaptability, they significantly increase circuit and control complexity.

Overall, although mulkmode and topology reconfiguration techniques can effectively extend
the voltage regulation range of LLC resonant converters, these approaches are still fundamentally
based on the conventional LLC operating mechanism. As a rigudirculating energy remasn

high within each operation modaéhich degrades the futnge efficiency

c. Multi-resonantonverter

Another category of widgoltagerange solutions extends the voltage regulation capability
of LLC resonant converters by reshaping the voltage gain characteristic throughdndgrer
resonant tanks. Various mutesonant tank topologies have been ingeséd, including LCLCL
resonant structures formed by adding an additioh@lhetwork to the conventional LLC resonant
tank [38], [39], [40], as well as LL&ype converters employing parallel C resonant tank<]],

[42]. By modifying the resonant structy these approaches can achieve extended voltage gain
characteristics, including special operating conditions such asgaerooperation, which are
difficult to realize with conventional LLC converters.

It should be noted that the merit of multisonant tank converters is primarily realized in the
stepdown operating region, where the reshaped gain curve enables reduced voltage gain within a
limited switching frequency range. However, in practical EVrgimg applications, voltage
regulation must be maintained over the full load range. To accommodateafiilbperation,
resonant converters are typically designed to operate with the switching frequency below the
resonant frequency, corresponding to tle@-sip region. This design requirement inherently limits
the practical effectiveness of mutésonant tank approaches in exploiting their -steyyn gain

advantages.
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Moreover, since muHliesonant tank converters fundamentaharesthe ZVS operating
mechanism of conventional LLC converters, the magnetizing current decreases as the output
voltage is reduced in deep stépwn operation. As a result, ensuring ssiitching under
minimum output voltage conditions often requires increased atinglcurrent.

Consequently, although higherder resonant tanks cartendhe voltage gain, wide voltage
regulation is still achieved through varialffequency modulation, often accompanied by
increased circulating energy and more challengingréuye efficiency optimization. These
limitations motivate alternative solutiortkat can achieve ultraide voltage regulation with

simpler resonant structures and inherently reduced circulating energy.

d. Hybrid resonant converter

Hybrid resonant converter strategies have also been explored to improve efficiency-in wide
voltagerange resonant converters by reducing the required switching frequency range. Instead of
relying solely on PFM, these approaches introduce additional cdefgyotes of freedom, such as
phaseshift modulation (PSM) or PWM, to regulate the output voltage within a constrained
frequency window.

PSMresonant converters operating at fixed switching frequency have been reported in the
literature. In 3] a hybrid resonant converter combining phslsi#t control with dual resonant
tanks is proposedA hybrid modulated LLC resonant converter is proposed in [44], which
implements PSM and PFNA fixed-frequency hybriemodulated resonant converter is presented
in [45], where the buck mode is realized through prirgide phasehift modulation and the
boost mode through secondasige phaseshift control Although these approaches can effectively
reduce the operating frequency range, increased circulating energy is often required to maintain

ZVS, particularly under lighload conditions.
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PWM-based resonant converter topologies have also been investigated to achieve bounded
voltage gain while improvingull-rangeefficiency. In 6], PWM signals are applied to the inner
synchronous rectifiers of a voltag@adrupler rectifier to regulate the output voltage. However,
hardswitching operation of the synchronous rectifiers limits the achievable switching frequency
and constrains powelensity. To address this issue, fully ZVS PWe LLC converters are
proposed in47] and @8], where auxiliay MOSFETS are used to reconfigure the rectifier between
voltagemultiplier and fultbridge configurations. Nevertheless, the achievable voltage gain range
of PWM-based resonant converters remains limited; due to the inherent vibttalgier rectifier
strudure, the maximum output voltage is typically constrained to approximately twice the
minimum output voltage.

Furthermore, hybrid PFMPWM resonant convertéFig. 19) have been proposed to achieve
ultraswide output voltage ranges, as reportedd®j.[While high efficiency can be maintained in
the PWMdominated operating region, the converter still experiences efficiency degradation in the
PFM region, where operation deviates significantly from the resonant point.

Overall, hybrid modulation and control strategies can effectively reduce the required
switching frequency range and improve efficiency in specific operating regions. However, these
approaches significantly increase control complexity and remain fundaipdvdgled on the
conventional LLC operating mechanism. Moreover, when conventiRifidl is incorporated into
hybrid modulation schemes, efficiency degradation still occurs in the-dRiFMnated operating

region, where the converter operates away from its resonant point.
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Fig. 1.9 PWM and PFM hybrid resonant converter reporteft9]. (a) Topology and

operation range. (b) Reported fidad efficiency.

1.4 Circulating Energy as a Fundamental Limitation

Despite the diverse circuit structures and control strategies proposed ferolaigerange
resonant converters, a common challenge persists: circulating energy increases as the required
output voltage range expands, leading to elevated current sigéss, ¢onduction loss, increased
resonant tank voltage stress, and degraded efficiency. This issue becorir@égal in universal

EV charging applications, where converters must operate efficiently over awid&autput
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voltage and load range. Under lawltage or lightload conditions, maintaining sedtvitching
often requires additional circulating current, further reducingraube efficiency.

In LLC-based resonant converters, circulating energy is an inherent consequence of resonant
power transfer. The reactive enengithin the resonant tank establishes the phase shift between
the primary Hbridge voltage and the transformer voltage, which is essential for voltage regulation.
Although circulating energy is unavoidable when achieving a wide voltage gain range, its
distribuion can be optimized. In particul&eepthe dominant reactive power within the resonant
tankd rather than allowing it thragh the primary switching netwodkoffers a pathway to
improved efficiency.

Therefore, achieving wide voltage regulation without directly addressing circulating energy
inevitably results in tradeffs among efficiency, complexity, and operating range. A more
fundamental solution is requiréd enable ultravide voltagerangewhile inherentlyoptimizing
circulating energyn the primary sideThis insight forms the basis of the research objectives and

approaches presented in this dissertation.
1.5Research Objectives and Dissertatio®utline

Motivated by the fundamentahallengeof circulating energy in limiting the efficiency of
wide-voltagerange resonant converters, the primary objective of this dissertation is to develop
resonant converter topologies and control strategies that enablewidéraoutput voltage
regulation whié inherently mitigating circulating energiyhis work addresdthe problem at its
origin by investigatinghow energy is transferreahd circulating energy is optimizedthin the
resonant power stage.

The objectives of this dissertation are summaragtbliows

1. Enable an ultrawide output voltage rander universal EV charging applications
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2. Limit circulating energythrough a broad voltage gain range to enhance full range

efficiency.

3. Maintain softswitching capability and high efficiency across the entire voltage and load

range.

4. Enable high frequency operation to achibigh power density

To achieve these objectives, the dissertation is organized as follows.

Chapter 2 presents a PWiype LLC resonant converter aimed at minimizing circulating
energy over a wide output voltage range using a volagjéplier rectifier. This chapter first
introduces the operating principle of the proposed Ridéged resonant coeser and explains
how circulating energy is controlled across wide voltage conditions. The design methodology for
the resonant tank is then presented to illustrate how circulating energy can be minimized. Finally,
experimental results are provided to destoate the efficiency improvement achieved by the
proposed PWMype LLC resonant converter.

Chapter 3 introduces an LETresonant converter topology designed to mitigate circulating
energy under conventional pulse frequency modulation (PFM) controit®yucingan auxiliary
transformer in parallel with the LC resonant tank, the proposedLicGnverter achieves wide
voltage regulation while providing a shortened conduction path for reactive power circulation
compared with conventional LLC convertefus, the converter efficiency is improvethis
chapter analyzes the operating charactesisticl voltage gain behaviasf the LLGT topology.

The design methodology is presented, followed by experimental comparisons between the
proposed LLCT converter and a conventional LLC converter to demonstrate the resulting

efficiency enhancement.
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Chapter 4 extends the LT concept to a reconfigurable converter architecture for universal
EV charging applications. Building upon the inherent advantages of theTLtdpology, a
reconfigurable LLET-based resonant converter is proposed to achieve anwidteaoutput
voltage range from 50 V to 1000. Yhrough the use of reconfiguration techniques, the auxiliary
transformer is more effectively utilized in the constant power region, enabling higher power
delivery with reduced copper loss. This chapteruses on the converter design methodology
across three operating modes. Experimental results demonstrate that high efficiency is maintained
over a wide voltage and load range, and the proposed reconfigurablé pk@otype achieves
high power density.

Finally, Chapter 5 summarizes the main contributions of this dissertation and discusses

potential directions for future research.

20



Chapter2
An UMW d&@ Range Pul se Wi dt

LLC Converter with Voltag

In this chapter, an ultravide range puls&idth-modulated (PWM) resonant converter
incorporating voltage multiplier rectifiers is presented. The proposed topology effectively extends
the achievable PWNegulated voltage gain from approximately two to fadnle maintaining
low circulating energy across the entire operating range. As a result, high efficiency is preserved
throughout widerange voltage regulation.

Beyond thePWM controlitself, this chapter also presents a systematic design methodology
for PWM-controlled resonant converters. The proposed methodology provides clear guidelines for
selecting resonant tank parameters to minimize circulating energy while ensuringltage
switching (ZVS) over the full voltage and load range. Furthermore,ptleeented design
methodologyalso supports higHrequency operation, enabling the switching frequency to be
increased to 300 kHz for improved power density.

2.1 Proposed PWM Type Converter and Operation Principles

The proposed LLC resonant conver(erg. 2.1) consists of a fulbridge inverter on the
primary side, followed by a series resonant tank and an isolated transformer. The-prit@ary
power stage includes four switches forming a full bridge, a resonant inductor, a resonant capacitor,

and the transforer whose magnetizing inductance participates in the resonant operation. The
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converter is designed to operate at the series resonant frequency in order to minimize circulating
energy and maintain sestvitching conditions.

On the secondary side, the rectifier is formed by combining two veltadgplier
configurations that can provide either doubled or quadrupled output voltage operation. The
auxiliary switches) and0 are used to link the diodaridge switching nodes to the central points
of the multiplier capacitor network.

By adjusting the duty ratios of and0 , the rectifier can be reconfigured between the two

voltage conversion states, corresponding to VDM and VQM operation
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Fig. 2.1 Schematic of the proposed PWM LLC converter with voltage multiplier rectifie

Specifically, when the duty cycles of both auxiliary switctizssQ0 ) remain within the
range of 0 to 0.5, the secondaigle circuit operates as a conventionalbsltige rectifier. When
one auxiliary switch is fully turned on while the other operates wiitbrduty cyclethe rectifier
functions as a voltage doubler. When both auxiliary switches are fully turned on, the rectifier is
configured as a voltage quadrupler. Through this rectifier reconfiguration mechanism, the
proposed converter achiewsgle output voltage range

When the auxiliary switches operate within a deygle range of 0.5 to 1.0, the voltages
across the higlide voltage multiplier capacitors ( Q6 ) are actively regulated. Consequently,
the output voltage is controlled primarily by the capacitor voltages rather than by the transformer
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voltage conversion ratio. As a result, the circulating energy within the resonant tank remains
relatively lov under differenbutputconditions Detailed analysis will be discussed in section 2.2
resonant tank optimization methodology.

A detailed explanation ofhe circulating energys presented in Section 2.2 through the
resonant tank optimization methodology. The underlying reason ih#i&’S mechanism of the
proposed PWNMtontrolled resonant converter differs from that of a conventional frequency
modulated LLC resonant converter, particularly during the RPk&¥dlilated operating interval.

a. Voltage doubler mode (VDM) operation principle

Under PWM control in voltage doubler mode (VDM), the voltage gain expressed in (2.1)
varies within the range of 1.0 to 2.0

W

"OEQ & —
5 P

The primaryside fultbridge inverter operates with complementary gate signals at a fixed
switching frequency. Each switch is controlled with a 50% duty ratio, and an appropriate dead
time ¢  4Sjinserted between the complementary signals. The switching frequency is set equal to

the series resonant frequency of the resonant tank, which is given by (2.2)

In VDM operation, switchh remains off, while) is switched at the resonant frequef@y
with its rising edge aligned with that of, as illustrated by the steadgtate waveforms. The
resulting resonant current waveform is asymmetrical, where the positiveybkdfcorresponds to
the resonant energy transfer interval, referred to as the resonant cycle, and the negatretehalf

corresponds to the PWivkgulated interval, referred to as the PWM cycle.
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To ensureZVS turnton of the auxiliary switch, a small intentional delay can be introduced
between the turon instants of and0 . It should be noted that effective voltage regulation
occurs only when the duty cycle @f lies within the range of 0.5 to 1.0. When the duty cycle of
0 falls below 0.5, the secondasjde circuit naturally operates as a conventionatttitige
rectifier without PWM regulation.

The equivalent operating states within one switching cycle are depicted i&.Eig.he
analysis of these operating states is conducted based on the following assumptions:

1. The voltage drops across all semiconductor devices are negligible.

2. The voltage ripples across the voltage multiplier capaaitors & are negligible.

3. The dead time is sufficiently short such that the resonant capacitor valtaged the

magnetizing curre© can be treated as constants during the-tieaelinterval.
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Fig. 2.2 Typical steadystatewaveformsn VDM.

Statel 0 0 :

Beforeo , all primaryside switches are turned off, and the resonant cuferst clamped by
the magnetizing curreff® , which is negative during this interval. At, the output capacitances
of switches) and0 are fully discharged and begin conducting the reverse current through their
channels. As a result, switch@sand0 are turned on under ZVS conditions.

During this state, power is transferred to the output through the resonant dDrrent
Simultaneously, auxiliary switch starts conducting the reverse current and achieves ZVS turn

on while functioning as a synchronous rectifier. The tdoneain expressions of the resonant
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variables, including the resonant currédt, resonant capacitor voltage , and magnetizing

currentO , during this interval are given i2.Q)i (2.5).
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Statell 0 0 :

During this state, switch@s , 0 , and0 remain turned on. Ab , the resonant curref@® is
once again clamped by the magnetizing curi@nt As a result, energy transfer to the secondary
side ceases during this interval, and the load is supplied solely by the output capacitors.

The timedomain expressions of the resonant variables, including the resonant trent

resonant capacitor voltage , and magnetizing curref® , during this state are given if.@)i
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Statelll 0 0 :

During this state, switche@s and0 are turned off, whil® remains turned on, and the
primary-side circuit enters the dedithe intervaluntil ZVS is ready During this interval, the
resonant inductor is charged in a linear manner.

Meanwhile, the output capacitances of switdhesand0 are charged, while those ©f
and0 are discharged by the resonant currentd Athe output capacitances of switcldesand

0 are fully discharged, thereby preparing these devices for ZVStuim the subsequent state.

Wiz = Gig (2.9)
S W N o+ OF oo+
..@3 — ..@2 Wz a (*208‘ 03 Wg OQ 210
i
"g& 2 = "& 3 211

StatelV 0 0 :

At 0, switches) and0 are turned on under ZVS conditions. Switchremains turned on,
and the resonant curréflt continues to increase linearly uniil During this interval, power is
transferred from the primary side to the secondary side and delivered to the output.

The timedomain expressions of the resonant variables, including the resonant &trent

resonant capacitor voltage , and magnetizing curref® , during this state are given iB.12i

(2.14.
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During this state, switchégs and0 remain turned on, while switah is turned off ab .
Following the turroff of 0 , the resonant curref® decreases linearly until. Throughout this
interval, power continues to be transferred to the output.

At 0, the resonant curref® becomes equal to the magnetizing curi@nt marking the end
of active power transfer through the resonant path. Thedon&in expressions of the resonant

variables, includingO, @ , andO , during this state are given ia.15i (2.17).
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At 0, the resonant curref® is clamped by the magnetizing currédt, and active power
transfer through the resonant path ceases. During this interval, the output energy is supplied solely
by the output capacitors.

The timedomain expressions of the resonant variables, including the resonant &trent

resonant capacitor voltage , and magnetizing currei® , during this state are given i2.18i

(2.19.

W 0 & = W+ s+ Wy COS ———= + Q5 —Sin — (2.18)
U'Q']O‘l 0 U'mO‘l
o a e s s 0 & o . .0 &
0 & =90 @& =QsC08 —— = W5t Wy SIN —— (2.19)
U'Q-'IO‘I U'Q'] U'mO‘l

State VIl 0 0 :

During this state, switcha@s and0 are turned off, and the primasyde circuit enters the
deadtime interval to facilitate ZVS. Throughout this interval, the resonant cu@emmains
eqgual to the magnetizing curreéx .

During this state, the output capacitances of switdheand0 are charged, while those of
switches) and0 are discharged by the magnetizing currentd Atwhich corresponds to the
beginning of the next switching cyclé ), the output capacitances of switcldesand0 are fully
discharged, thereby preparing these switches for ZVSamiin the subsequent cycle.

The timedomain expressions of the resonant variables, including the resonant &irent

resonant capacitor voltage , and magnetizing curref® , during this state are given iB.20i

(2.22.
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"@6 = "@7 2.21

"g?x 6 — "& 7 2.22

b. Voltage quadrupler mode (VQM) operation principle

Under PWM control in VQM, the normalized voltage gain ranges from 2.0 to 4.0. The
primary operation remains the same as in VDM. In this mddés always turned on, forming a
voltage doubler. Switch operates synchronously with and is modulated with a duty cycle
between 0.5 and 1.0 to regulate the output voltage.

When VDM operates near a normalized voltage gain of 2.0, the duty ratio assignes to
close to unity. Under this condition, enablimgfor the subsequent VQM operation does not alter
the converter behavior as long as its duty ratio remains lower than 0.5, since the conduction of
is restricted byO . As a result, the converter can move from VDM to VQM without a noticeable
operating discontinuity.

The detailed switching behavior in VQM is not repeated in this section. This is because VQM
follows a complementary switching process to thal oin VDM, which can be observed from

the operating waveforms shown in Fig. 2.2 and Fig. 2.3
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Fig. 2.3 Typical steadystatewaveformsn VQM.
Statel 0 0 :

Prior to0 , all primaryside FETs are turned off, and the resonant cui@nmsé clamped by

the positive magnetizing curref® . At 6 , the output capacitances ©f and0 are fully

discharged, allowing reverse current to flow through their channels. Conseqlerthdd are

turned on under ZVS conditions. During this interval, power is transferred to the output through

the resonant curref® . As a resultp) begins conducting reverse current and also achieves ZVS

turn-on while operating as a synchronous rectifier (SR).

Statell 0 0 :
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Switches) , 0 , and0 remain turned on during this interval. &t the resonant curref®
is again clamped by the magnetizing curfént. As a result, no energy is transferred to the
secondary side, and the output load is supplied by the output capacitors.

Statelll 0 0 :

At 0, switches) and0d are turned off, whil® remains on. The primary side enters the
dead time required for ZVS realization. During this interval, the resonant inductor current increases
linearly. The output capacitances @f and 0 are charged, while those 6f and0 are
discharged by the resonant current. At the output capacitances of and0 are fully
discharged.

State IV 0 0 :

At 0, switches) and0d are turned on under ZVS conditions. Switchremains on, and
the resonant curreri® continues to increase linearly undil. During this state, power is
transferred to the output side.

StateV 0 0 :

Switches0 and0 remain on, whiled is turned off atd . The resonant curref®
decreases linearly during this interval. Power continues to be delivered to the outpt antil
which point the resonant curréfit equals the magnetizing currééx .

StateVI 0 0O :

At 0, the resonant curref®® is clamped by the magnetizing curré@t . No power is
transferred from the primary side, and the output load is supplied by the output capacitors.

State VIl 0 0O :

At 0 , switches) and0 are turned off, and the primary side enters the dead time for ZVS

realization. Throughout this interval, the resonant cuff@rgquals the magnetizing curre@t .
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The output capacitances®f and0 are charged, while those @f and0 are discharged by the

magnetizing current. A4 (which coincides withd ), the output capacitances of and0 are

fully discharged, completing the switching cycle.

c. Diode voltage drop analysis

Although several diodes may conduct at the same time, the conduction path contains no more

than two seriesonnected diodes during most of the operating period. Specifically, two diodes are

connected in series in VDM, whereas only one diode conducts in.Vi@®&lexception occurs in

State V, where the number of serieenducting diodes increases to four in VDM and two in VQM,

introducing additional voltagdroprelated losses. Nevertheless, this interval is very short, as

indicated by the green shaded regiomBig. 2.2 and Fig. 2.3

TABLE 2.1

COMPARISONSOF THE NUMBER OF DIODE VOLTAGE DROPS

Proposed FBR VQR

VDM  VQM - }

State | 2w W - -

State I - - - -
State Il 2w W - -
State IV 2w W 2w w
State V TW 2w - -

State VI - - - -
State VII - - - -

33



TABLE 2.1 summarizes the number of diode voltage drops of the proposed rectifier in
comparison with the conventional fidtidge rectifier (FBR) and voltagguadruple rectifier
(VQR). The diode voltage drop in VDM is comparable to that of the FBR, while the dittdger
drop in VQM is comparable to that of the VQR.

d. Steady State Gain Curve

The steadystate voltagegain of the proposed converter ¢®ntrolledby two independent
duty-cycle variablesD andO , which constrain the normalized voltage gain to a range from
1.0 to 4.0. For a given operating point, the corresponding duty cycles can be obtained by analyzing
the converter behavior over a complete switching period in the time domain.

Under steadystate conditions, each switching cycle is periodic such that the system states at
the beginning and end of the cycle are identical. Within one switching interval, the resonant current
intersects with the magnetizing current at two distinctams, defining the boundaries of the
energy transfer and clamping intervals. In addition, the voltage multiplier capacitors must satisfy
charge equilibrium, and the net energy exchanged over a switching period must be conserved.

By enforcing these operating conditions, a set of equations is formulat2®8i (2.28).

Solving this equation set together with the normalized gain definition yields the -stedely
voltage gain characteristics in the voltage doubler mode. The corresponding voltage gain behavior
in the VQM can be obtained directly by extending BM solution, since one rectifier leg
effectively provides an additional voltage multiplication function.

The overall derivation procedure is summarized schematically iRFigand the resulting
normalized gain characteristics, along with the associateecguaty of the auxiliary switches, are

illustrated in Fig2.5.
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Vout=Vin/n
Gain=nVout/Vin

Vout=2Vin/n?

Yes

Solve (1)-(28) with
Vout/2 for Dgg in
VOM

Solve (1)-(28) for
Dgsin VDM

¥

Vout=Vout+25

Yes

Vout<4Vin/n?

No

Fig. 2.4 Algorithm of deriving the corresponding dufyr the gain curve

35



1ZSOV IOOOIV

i

D o6

1 1.5 2 2.5 3 3.5 4
Normalized Gain

Fig. 2.5 Normalized gain curve of the proposed converter under 1kW.

2.2 Resonant Tank Optimization Methodology

The selection and optimization of the resonant tank parameters play a central role in achieving
high-efficiency operation in the proposed converter. For-seftching to be maintained over the
entire operating range, the current at tfafh must supply sfficient energy to completely
discharge the output capacitances of the primsatg switches within the allocated ddade
interval.

It should be noted that the physical mechanisms enablingveéieme switching differ
between the two operating intervals of the switching cycle. During the resonant interval, ZVS is
predominantly sustained by the magnetizing current. In contrast, dimeng®WMregulated

interval, the required charge for ZVS is mainly contributed by the resonant inductor current. This
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distinction has a direct impact on the resonant tank design requirements undeangel®\WM
operation.
As an initial step in the design process, the transformer turns ratio is selected based on the

minimum required output voltage level.

& w

The upper bound of the magnetizing inductance is determined by the requirement to maintain
ZVS during the resonant interval of operation. In the proposed converter, the switching frequency
"Qis intentionally selected to match the series resonant frequi€icyorder to suppress
unnecessary circulating energy. Under this operating condition, the voltage applied across the
transformer primary is equal to the input voltage,

w0
e

C& 1T

The lower bound of the resonant inductance is dictated by the requirement to ZW§ain
during the PWMregulated interval. In this operating region, the resonant inductor must fulfill two
essential conditions. First, the energy associated with the resonant inductor current must be
sufficient to completely discharge the output capacitancéiseo$witches within the dedomne
period. Second, the polarity of the resonant current must remain unchanged prior to the ZVS turn

on instant in order to preserve ihgended sofswitching behavior.

GQ ~

o

2 0, ©wO LwL 232

0, @ Jwd
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The’QXR @f theresonant current during State Vdisterminecby the instantaneous voltage
applied across the resonant inductor. The most severe operating condition occurs as the duty cycle
approaches 0.5, under which the inductor experiences its maximum voltage stress.

This worstcase scenario arises from two contributing factors. First, as the duty cycle nears
0.5, the voltages across and the differential voltage w are closetoward zero,
thereby increasing the effective voltage imposed on the resonant inductor. Second, at this operating
point, the resonant capacitor voltage is close to its peak magnitude due to the inheegre80
phaseshift between the resonant current and capacitor voltage.

® © & h o mTQHOD
w W Ew w h o nQwLDL

C® 0o

The peak value of the resonant capacitor voltage under the most critical operating condition
can be obtained through a fidlsarmonic approximation (FHA)as illustrated in Fig2.6. An
important observation from this analysis is that, for a given output power level, the equivalent load
resistance experienced by the resonant tank reaches the sameasergalue in both théDM
and thevQM.

As a consequence, the seftitching requirements imposed on the resonant tank are identical
in these two operating modes. This result indicates that once the resonant inductor is designed to

satisfy theZVS condition in theVDM@ particularly whenO approaches 0dbthe ZVS

condition in thevQM is inherently ensured without additional design modification.
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Fig. 2.6 FHA equivalentcircuit when duty approaches 0.5
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The amount of charge available during the ctxae interval of the PWMegulated cycle
can be determined by applying the vektcond balance principle to the resonant inductor.

0 6Q0 @ o " 0o &
D 0 o X

The feasibleZVS region with respect to the magnetizing inductaficeand resonant
inductance) is illustrated in Fig2.7 using a 30&kHz, 1-kW prototype with a 400/ input and a

250V to 100GV output range. From this analysis, an upper limit of 140 [H is identified foro
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preserve ZVS during the resonant interval, while a lower limit of 12.5 H is requirgd tor

maintain ZVS during the PWiegulated interval.

500 . . .
450 - -
400 - 1
350 | 1
E‘ 300 | === Q) Boundry in PWM Cycle
= s Reverse Current Boundry in PWM Cycle
‘é’ 250 Q Boundry in Resonant Cycle I
= 200 : : ]
Design Point
150 § / i
100 ) ¢ 1
s ZVS Region
(' 1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45 50

Lr (uH)

Fig. 2.7 ZVS constraint in terms af and0 .

Reducing the resonant inductance generally leads to a more compact magnetic design and
lower magnetic loss. However, this benefit comes at the expense of increasefd ¢cumnent in
the auxiliary switches, as evidenced in B@ Since the turoff loss rises rapidly with increasing
current, following an exponential trend as reported5@,[excessively small values of are
undesirable from a loss perspective.

Considering both sofwitching robustness and switching loss traffe, a resonant

inductance of 25 pH and a magnetizing inductance of 100 (H are selected in the final design to
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provide adequate ZVS margin across the entire operating waittyehe minimum circulating

energythrough the entire gain range and voltage range
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14 -

Turn-off Current (A)

13

11 :
10 1

20 2

h
h

30 35 40 45 50
Lr (uH)

Fig. 280 verwsturn-off current plot

2.3 Practical Implementation Considerationsand Results

a. Resonant tank parameter tolerance

Parameter tolerance in the resonant tank is an inherent and unavoidable issue in resonant
converter design. To evaluate the robustness of the proposed topology, the influence of resonant
tank parameter variations is analyzed from two complementary aspetitsge regulation
behavior and sof$witching performance.
A. Impact on Voltage Gain

In conventional frequenesnodulated LLC resonant converters, the output voltage is highly

sensitive to variations in resonant tank parameters. This sensitivity arises because the voltage gain
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is directly determined by the switching frequency relative to the resonant frequency and by the
characteristic impedance of the resonant network. To obtain a steep gain characteristic within a
limited frequency span, a small ratio of magnetizing inductémeesonant inductance is often
selected. While effective for regulation, this design choice significantly amplifies the impact of
component tolerances, resulting in large gain deviations under practical operating conditions.

In contrast, the proposed PWabntrolled LLC resonant converter operates at a fixed
switching frequency, and the output voltage is regulated througkcglaky modulation. Since the
achievable voltage gain is inherently bounded within a finite range frono 4.0, the regulation
mechanism is largely decoupled from the precise resonant frequency. This bgairded
characteristic allows the use of a relatively larfge#0 ratio, which improves tolerance immunity
and ensures stable voltage regulation even when resonant tank parameters deviate from their
nominal values.

B. Impact on Zero-Voltage-Switching Condition

In traditional LLC converters employing frequency modulation, z@ltageswitching relies
primarily on the magnetizing current, whose magnitude varies with the switching frequency. As a
result, changes in resonant tank parameters or operating freqaergigmificantly affect the ZVS
margin, particularly under ligHbad or offresonance conditions.

By contrast, the proposed PWhhsed converter operates at a constant switching frequency,
rendering the magnetizing current largely independent of resonant frequency variations. Moreover,
explicit design margins are incorporated into the resonant tardtiealeas illustrated in Fig2.7
and 2.8 to accommodate parameter deviations. Consequently, the ZVS condition is preserved

across the entire operating range even in the presence of resonant tank tolerances.
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Overall, owing to its fixedrequency operation, bounded voltage gain, and toleraneee
resonant tank design, the proposed PWM LLC resonant converter exhibits substantially improved
robustness compared to conventional frequenogulated LLC convertera#/hen subjected to
resonant component variations.

b. Digital controller implementation

During PWMregulated operation, the output voltage is adjusted through the voltage across
the highside voltage multiplier capacitors, namely orw , when the duty cycle lies within
the range of 0.5 to 1.0. For dutycle values below 0.5, the converter no longer performs active
PWM regulation and instead operates as an O@X. Accordingly, during the PWM interval,

the output voltage can be represented as a function of an effective duty v@rialtae defined in

(2.39.
o 0O mh ®»O &
O T@®h GO & Y
, o, Xzt YOz + (s, OO
Woot+ YR = Wis ™ o3 ™ Wi 2.39

2 g1+ Y01+ Qo @O0

Although the converter operates in two distinct médg®M and VQMAd the underlying
control mechanism remains the same. The key difference between the two modes is the voltage
scaling factor, whereby the output voltage variation in VQM is twice that assbeute the
corresponding change in the multiplier capacitor voltage, as expresse@9n Based on this
unified control behavior, a voltageode control strategy is adopted. Two identical proportional
integral (PI) controllers are assigned to the retbpeoperating modes to ensure smooth transitions

between VDM and VQM.
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When the operating mode transitions from VDM to VQM, the control output associated with
0 is gradually increased from 0 to 0.5, while the duty cycl® of held at unity. Conversely,
during the transition from VQM back to VDM, the same sequence is applied in reverse to maintain
continuity in output voltage regulation.

From the steadgtate operating waveforms, it can be observed that within the PWM
regulated interval the resonant current undergoes a charging and discharging process before being
clamped by the magnetizing current. This behavior indicates that the @nesthibits
discontinuousconductionlike operation during the PWM cycle. As a result, the siighal
dynamics of the proposed converter resemble those of a conventional PWM converter operating
in discontinuous conduction mode, leading to a plant thathbea approximated by a single
dominant pole, as shown in Fg10 This characteristic enables the use of a simple Pl controller
to achieve stable output voltage regulation.

As shown in Fig. 2.11, the digital control system is realized using a Texas Instruments
TMS320F28377D digital signal processor. The prirmside switches) and0 , are controlled
by the EPWM1A output of the EPWM module and operate at the resonant fredQentye
auxiliary switch0 is driven by EPWM2A, with a short delay introduced with respect to the rising
edge of EPWM1A. Similarlyp is controlled by EPWM3A with the same type of delay
referenced to the rising edge of EPWM1B

In VDM, theE P WM 3channel is disabled and orlyP WM 2iAactively modulated to
regulate the output voltage. Once the output voltage exceeds 500 V and the duty cominand of
reaches its upper limit, the converter transitions into voltage quadrupler mode, at whiadh point
is enabled for PWM regulation. The reverse transition from VQM to VDM is initiated through the

complementary control sequence.
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Fig. 2.11 Digital controlalgorithmof the proposed converter.

c. Experimental results
A laboratory prototype rated at 1 kW was constructed to experimentally validate the proposed

converter. The prototype operates with a-40@put voltage and supports an output voltage range
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from 250 V to 1000 V. A photograph of the hardware implementation is provided ia. ERAIl
experimental evaluations were conducted with the output voltage regulated undedadpsed

voltage control.

(b)

Fig. 2.12 1kW of the proposed PWM controlled LLC Converter Prototype. (a) Top side

Bottom side.
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Steadystate waveforms obtained in the VDM at a power level of 1 kW are presented in Fig.
2.13 for output voltages spanning from 250 V to 500 V. Among these operating points, the
condition shown in Fig2.13 (b)represents the most demanding case, which occurs as the duty
cycle’O approaches 0.5. Under this condition, the resonant tank experiences the most stringent

soft-switching requirement.
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Fig. 2.13 Primary waveforms in VDM under 1kW. (&) ¢ var (b)w 261V. (c)

@  375V.(d)&  495V.

The measured waveforms demonstrate W& during the resonant interval is maintained

across the entire output voltage range in VDM. In addition, the smooth rising transition of the
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draini source voltage indicates that ZVS is also achieved during the ‘RMyMated interval,
thereby confirming fulrange softswitching operation in this mode.

Fig. 2.14presents the measured steathte waveforms of the proposed converter operating
in the VQM at a power level of 1 kW, covering an output voltage range from 500 V to 1000 V.
Across this operating range, the recorded waveforms confirm thatvakage swithing is

consistently maintained during the P\Afggulated interval.
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In addition, the gradual rising transition observed in the dsaumrce voltage waveforms
indicates that sof$witching is also preserved during the resonant interval in VQM operation.
These results demonstrate that ZVS is achieved in both portionsseiitblking cycle under high
voltage operation.

The measured resonant current waveforms deviate from an ideal sinusoidal shape, which
reflects the presence of PWhased regulation. Under ideal resonant operation, the current
waveform would approach a purely sinusoidal profile at output voltages s&80as, 500 V,
and 1000 VHowever, the nomsinusoidal resonant currenbserved in Fig2.14indicatesPWM

control due tgoractical tolerances in the resonant tank parameters.
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(a) (b)
Fig. 2.15PWM control switch and secondary current waveforms under 1kWh (a)

o X@( in VDM). (b) wua(® in VOM).

During PWMregulated operation, a highequency oscillation can be observed in the
resonant current waveform, which originates from the parasitic resonance between the output

capacitance of switch and the resonant inductange. To further examine the switching
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behavior, waveforms of the auxiliary control switches together with the secesidargurrent
werecapturedat a power level of 1 kW, as shown in F2gl5

These measurements confirm zemdtage turron of the auxiliary switches, with
achieving ZVS in voltage doubler mode andachieving ZVS in voltage quadrupler mode. The

results verify that sofswitching operation is preserved for the auxiliary devices undelofd

conditions.
Ve (5V/div) || Ve (5V/div) |
i - | |
| |1 " " |
3 ] N | : v»"—w----*—'——] o Pt |
—’i,-.,«w.rr——f — ot — ],-,m.@m - .yJ |f —’:~. - h l;,-}-mr— IJ “‘
N8 I ZVS |
1. (5A/div) Vo (500V/div) |1 L. (5A/div) | Vou (500V/di )|

Vou= 375V/200W Time (1us/div) Vo= 650V/200W Tlme(lus/dlv)

(@) (b)

I \‘

ZVS 1 ZVS

B A s Vi eV

1. (5A/div) Vowe (500V/di )1; 1. (5A/div) | Vou (500V/div) |

Vou= 800V/200W  Time (1us/div)  Vou= 1000V/200W Time (1ps/div)
(©) (d)

Fig. 2.16 Primary waveforms under 200W. (@) o xa (b)w @ v () W

Y 1o (d) w p T TWIT

51



To evaluate sofswitching performance at reduced power levels, additional waveforms were
captured at 200 W across different output voltages, as presented mhlEigunder lightload
operation, zerwoltage switching is maintained through the magnetizing current, which provides
the necessary discharge energy for the device output capacitances. This ZVS mechanism is
consistent with that observed in conventional LLSorent converters operating under ligrad

conditions.
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Fig. 2.17 Seamless mode transit®oaptured under 500V/1kW condition

In the implemented prototype, operating mode transitions are intentionally restricted to occur

at an output voltage of 500 V. The measured waveforms presentedarlFigustrate a complete
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transition sequence from the VDM to the VQM, followed by a return to VDM, under a rated output
power of 1 kW.

During operation in VDM, the auxiliary switdh remains disabled and does not conduct
current. When the converter enters VQM, the duty cyclé d§ increased to 50% to activate
PWM regulation in the higheroltage mode. Although the draisource voltagey j exhibits a
pulsating waveform during VDM operation, no current flows throlighThis behavior arises
becaus® is alternately clamped by the secondsige network: itis clamped to  when diode
'O conducts during the positive half cycle, and clamped towhen diodéO conducts during
the negative half cycle.

As a consequence of this clamping actibnpaturally satisfies the zemmltageswitching
condition at the instant of mode transition from VDM to VQM, as confirmed by the enlarged
waveforms. Moreover, the resonant current waveform remains continuous and unchanged
throughout the transition, indicag that softswitching is preserved on the primary side. In
addition, neither the output voltage nor the resonant current experiences observable disturbance
during the mode change. These results verify that the proposed converter achieves seamless
transitons between operating modes.

Dynamic load transient performance was evaluated at an output voltage of 300 V using step
changes in the load current. Specifically, a load transition between 100 W and 1 kW
(corresponding to a 3 A load step) was applied, followed by a return to theap#iating point.

The measured waveforms, including the output voltaggprimaryside draifisource voltage

W , gaté source voltagev , and load curreriQ,, ,are shown in Fig2.18
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Fig. 2.18 Loadtransitionscaptureunder 300V output condition

During the test, the converter initially operated at a {lghtl condition of 100 W. The load
was then rapidly increased to the rated power level of 1 kW and subsequently stepped back to 100
W. Throughout both the load stepp and stefglown events, the ¢put voltage remained tightly
regulated. In addition, the zoomedwaveforms confirm that zeneoltageswitching operation
was preserved during the transient intervals, demonstrating robust dynamic performance of the
proposed converter.

The highest measured efficiency of the proposed converter reaches 97.69% at an operating

point of 1 kV output voltage and 1 kW output power. The corresponding measurement result,
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captured using a YOKOGAWA WT5000 power analyzer, is presented i2 B@.In addition to
the peak value, the converter maintaiossistenthhigh efficiency across the entire output voltage

range under fulload operation, as illustrated by the efficiency profile in BigQ

Udc1 P1
400.106 1.03069
Vv kW
Udc? P2
1.00040 1.00688
kV kW
Idct 71
257623 97.690
A %
Idc2 P-loss
1.00638 23.8130
A w

Fig. 2.19 Peak efficiency measured by YOKOGAWA WT5000.

Prototype Full Load Efficiency (PWM vs. PFM)
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Fig. 2.20 Prototype fullload efficiency comparison (PWM and PFM).
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To further assess the benefit of P\Widsed regulation, an efficiency comparison between
PWM and conventional PFM was performed using the same hardware prototype. In order to cover
the full output voltage range under PFM operation, the converter was mpaexifito operate in
three discrete modes: fibridge rectification at 250 V, voltage doubler operation at 500 V, and
voltage quadrupler operation at 1000 V. Under these conditions, the-édMikblled converter
exhibits superior efficiency over most of thgerating range.

Although the PFMbased approach achieves a slightly higher efficiency at the maximum
output voltage of 1 kV, its efficiency deteriorates noticeably when the output voltage drops below
approximately 950 V. The measured ladependent efficiency characteitst for both voltage

doubler mode and voltage quadrupler mode under PWM control are presente®i@Fig.
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Fig. 2.21 Prototype measured efficiency curves. (a) VDM. (b) VQM.

A detailed loss analysis of the proposed converter was performed at an operating point of 800
V output voltage and 1 kW output power, and the resulting loss distribution is illustrated in Fig.
2.22 The analysis indicates that the dominant loss components originate from diode conduction,
primary-side switch conduction, and windinglated losses.

Although multiple diodes may conduct simultaneously in the proposed rectifier structure, the
overall diode conduction loss remains relatively low. This is because, for the majority of the
switching period, current flows through no more than two diodesembed in series, thereby
limiting the cumulative forward voltage drop. With respect to semiconductor conduction losses,

the primaryside switches contribute the largest portion due to their highstabe resistance
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'Y ; compared to that of the auxiliary PWM switchiesand0 . While the auxiliary switches

introduce additional conduction loss, their contribution is minor relative to the diode conduction

loss.

Fig. 2.22Loss breakdown under 800 V/1 kW output.

Magnetic losses, including both winding loss and core loss, are influenced by the transformer
design parameters and operating frequency. Specifically, the winding loss is affected by the
number of turns and the resulting peak flux density , as well as by the frequendgpendent
ac resistanc&' . These factors introduce an inherent design tcdfibetween efficiency and
power density: increasing the switching frequency enables higher power density, whereas reducing

the switching frequency generally favors higher efficiency.
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Dueto theZVS achieved for all switching devices, switching losses are effectively minimized,

theturn-off loss as the primary switchirglated loss component.

TABLE 2.2

COMPARISONWITH PREVIOUS PUBLICATIONS

Topologies [3]] [46] [47] [48] Proposed
Semiconductor
_ 24 8 11 8 12
devices
Rectifier voltage _
Low Low Low High Low
stress
Rectifier current )
Low High Low Low Low
stress
Magnetic
3 2 2 2 2
components
Input voltage 750 V 220420V 390V 390V 400 V
Output voltage 200700 V 400 V 250420V 250420V 2501000 V
Switching frequency 31-70 kHz 100 kHz 100 kHz 100 kHz 300 kHz
Modulation PFM PWM PWM PWM PWM
Normalized PWM
_ - 1.02.0 1.02.0 1.02.0 1.04.0
gain
Gain range 1.035 1.02.0 1.02.0 1.02.0 1.04.0
ZNS Yes No Yes Yes Yes
Power 3.5 kw 1 kW 1.3 kKW 1 kW 1 kW
o 93.8%- 89.0%- 92.%%- 94. - 96.9%-
Full-load efficiency
96.8% 94.1% 93.9% 96.7% 976%
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A comparison between the proposed converter and previously reportedawite LLG
based converters is provided iABLE 2.2, highlighting differences in operating characteristics
and efficiency performance. When operated strictly under puildth modulation, the proposed
topology demonstrates both the highest efficiency at full load and the broadest achievable output
voltagerange among the compared designs.

Some prior solutions achieve higher peak efficiency by incorporating hybrid modulation
schemes, such as combining PWM with piiteguency modulation and employing synchronous
rectification on the secondary side. For example, the converter reporéd] atthins a slightly
higher peak efficiency; however, its effective PWidntrolled voltage gain is limited to a
normalized value of 2.375.

In contrast, the proposed approach extends the normalized voltage gain to 4.0 while relying
exclusively on PWM control. This extended gain range is achieved without sacrificing zero
voltageswitching operation and while maintaining consistently high efficy across the entire

output voltage span.
2.4 Summary

This chapter proposes an ultkéde-range PWMcontrolled resonant converter employing
voltage multiplier rectifiers. By introducing two operating modes, namely VDM and VQM, the
achievable PWM gain range is substantially expanded to accommodate a widgrvoltgge
range. At the same time, ZVS tdom is maintained for all switches, and smooth transition between
the two modes is realized. A tirdmmain optimization approach is also developed to reduce the
circulating energy over the extended gain rangee €Rperimental results verify that high

efficiency can be achieved throughout the entire output voltage range.
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Beyond the experimentally validated voltage gain range 64100 the normalized PWM
gain can potentially be further expanded toi 8.8 by incorporating the topologyorphing
technique reported in [51], [52], where the primaige switching circuit isaconfigured between

full-bridge and hatbridge operation.

61



Chapter3
LLE Resonant Converter wi

Circulating Energy

Chapter 2 demonstrates that the circulating energy of a conventional LLC resonant converter
can be effectively mitigated through PWb&sed control strategies, thereby improving efficiency
over a wide output voltage range. However, these improvementstaesext at the expense of
increased diode count, asymmetric resonant current, and additional switching loss associated with
duty-cycle modulation. Moreover, although the P\Algntrolled resonant converter is capable of
covering the majority of electric velicbattery classes, it remains unable to satisfy theid0 V
kV output voltage range requirement using a pure PWM control strategy. Extending the voltage
range therefore inevitably requires hybrid control techniques, such as introducing PFMstithich
suffers from theirculating energy in the conventional PFM operating region.

To suppress circulating energy while preserving-sweitching operation and maintaining
simple PFM control, it becomes necessary to move beyond ctewsdl optimization and
reconsider the converter topology itself. This chapter therefore investigagpelagy solution
that inherently limits internal energy circulation within the resonant tank. By introducing an
auxiliary transformerin parallel withthe resonantank on the primarythe proposed LLET
resonant converter naturally achieves wide outpliage regulation within a narrow switching
frequency range, while simultaneously reducing circulating energy and voltage stress on the

resonant capacitors.
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3.1Derivation of the LLC -T Resonant Converter Topology

The proposed LLET resonant converter is derived from the conventional LLC resonant
converter through a modification of the resonant network configuration. In a conventional LLC
resonant converter, the voltage regulation mechanism can be interpreted usitagedivider
perspective, where the C resonant tank is connected in series with the parallel combination of
the load resistance and the magnetizing inductance. Under this configuration, the output voltage is
regulated by adjusting the effective intla@ce of the resonant tank through pdisguency
modulation (PFM).

Because the resonant tank is followed by a parallel lnadnetizing network, the resulting
voltage division is inherently load dependent. To obtain a wide voltage gain characteristic within
a limited frequency range, a small magnetizing inductance tatevedy large resonant inductance
is typically required. However, such parameter selections inevitably lead to increased circulating
energy or reduced power density, which limits the overall efficiency of the converter.

. W [Y $ , e
EW Y - (I)sw w Ow w od

Alternatively, wide voltage gain characteristics may also be achieved by increasing the
resonant current leveAs shown in the Fig. 3.1(a). By introducing an additiamadtrolledcurrent
source in parallel with the LC resonant tank. The resonant inductor current no longer equal to the
resonant current. It is possible to design the resonant current and the resonant tank impedance
individually.
Ew O Ow o®
To further extend theutput voltage, a controlled voltage soume (; ) with the conversion

ratio of n) is placed on the secondary side.
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The controlled sources can be replayedrbinaersecoupled auxiliary transformgwhichis
connected in parallel with the LC resonant tank on the primary side, while its secondary winding
is connected in series with the secondary winding of the main transformer, as show8.i{IB)ig.
The primary fultbridge inverter operates with complementary gate signals at a fixed 50% duty

cycle and includes dead time, consistent with conventional LLC operation.
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Fig. 3.1 (a) Equivalent Circuit to extend the output voltage range from conventional L|

resonantonverter (b) DerivedLLC-T resonant converter topology.
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Similar to the LLC resonant converter, output voltage regulation is achieved by varying the
effective impedance of the resonant tank through switching frequency modulation. The primary
inverter output voltagey is equal to the sum of the main transformer voltage and the
resonant tank voltage , as expressed irB@). In a conventional LLC converter, the output
voltagew  is determined by the reflected main transformer voltage according to the
transformer turns ratio, as given i8.5). In the proposed LLO configuration, however, the
resonant tank voltage is reflected through the auxiliary transformer and subtracted again on the

secondary side, resulting in the output voltage relationship express@)in (

W W W o8
Woopos = — 5 3.5

: W 200
Woopds Y~ — g 3.6

In addition to introducing a reflected voltage component, the auxiliary transformer establishes
an additional current path for thé& C resonant tank. Through this interaction, the effective quality
factor(Q) of the resonant network is increased, which extends the achievable voltage gain without
requiring a proportional increase in the ovepainaryresonant current. As a result, the circulating
current is largely confined within thei C resonant tank, and the circulating energy becomes

effectively decouled from the magnetizing inductance.
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Fig. 3.2 Circulating current path. (a) Proposed L-IGesonant converter topology. (b)

Conventional LLC resonant converter.

A conventional LLC resonant converter can obtain a comparable switching frequency range
through optimized resonant tank parameter selection. However, this typegliyesa reduced
magnetizing inductance, which leads to higher conduction losses in the primaboyidgé
switches, as illustrated in Fig.2 In addition, a lower inductance ratio increases the voltage stress
across the resonant capacitors, thereby imposing more design constraints on the resonant

components.
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As a result, the LLET resonant converter is able to achieve wide output voltage regulation
within a narrow switching frequency range while maintaining high efficiency. This improvement
is realized through thauxiliary transformerwhichinherently mitigates theirculating energy and

reduces component stress without relyingh@magnetizing inductancelection.

3.2Operating Principles and Time-Domain Analysisof the LLC-T Resonant
Converter

The FHA method is commonly used to estimate the voltage gain characteristics of
conventional LLC resonant converters and generally provides satisfactory accuracy. However,
when FHA is applied to the LL.0 topology using the voltage relationship 816), a noticeable
discrepancy arises between the analytically derived gain curve and simulation results as the
operating frequency deviates from the resonant frequ€he illustrated in Fig3.3.

This mismatch originates from the fundamental waveform characteristics of thel LLC
converter. Owing to the phasaifted voltage components introduced by the auxiliary transformer,
the waveforms ofo andw  exhibit threelevel behavior rather than the tievel waveforms
assumed in FHA, as shown in F&j5and Fig.3.6. As a result, the harmonic content and effective
voltage contributions cannot be accurately captured by ehfirshonic representation.

The resulting inaccuracy significantly complicates resonant tank design when FHA is
employed. Therefore, a tirdomain analysis (TDA) is required to accurately characterize the

operating behavior and voltage gain characteristics of the proposed késbrant converter.
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Fig. 3.3 LLC-T gain curve mismatch between simulation and FHA.

a. At resonant frequency@®@ "Q

The operating behavior of the LET resonant converter at the resonant frequency is
consistent with that of a conventional LLC conveagishown in Fig3.4, since the impedance of
the resonant tank approaches zero under this condition. As a result, the voltage gain predicted by
the FHA agrees well with simulation results in the vicinity of the resonant frequency. Consequently,
the subsequeniDA focuseson operating conditions away from resonance, specifically in the
ARaboevsonant orasdnéahbhebofwrequency regions.

To facilitate the analytical development, the following assumptions are adopted in the time
domain analysis:

1. The output voltage ripple is neglected by assuming a sufficiently large output capacitance.
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2. The leakage inductance of transforrf¥ér is ignored, as it is much smaller than the series
resonant inductanae .

3. The leakage inductance of transforriér is neglected because it is insignificant compared
to its magnetizing inductance.

4. All rectifier diodes are assumed to be ideal.

5. The resonant current and resonant voltage are treated as constant during timeedead

interval.

Fig. 3.4 Typical LLC-T steadystate waveforms witfiat resonaritoperation.
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Fig. 3.5 Typical LLC-T steadystate waveforms witfabove resonadbperation.

b. Above resonant frequencif "Q

When operating above the resonant frequency, the voltage gain of thd lte€bnant
converter remains below unity. Under this condition, the converter operates in continuous
conduction mode within the inductive region, where the resonant current lagpliee aoltage.
This lagging current ensures that ZVS is maintained for the prigideyswitches. The steady
state operating principle for this region is illustrated in Bi§. At the initial time instanb , the
voltages across the main transformer and the

Voltage Law (KVL).
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State | (010):

At time instan® , switches) and0 are turned on under zewoltageswitching conditions.
During this interval, the resonant curré@flows in the negative direction, while the voltage
across the main transformexr remains positive. Diode® and’O are forward biased and
conduct the resonant current, allowing power to be delivered to the output side throughout this
state. The interval ends @t when the resonant current decreases to the level of the magnetizing

current. The state equations governing this interval are give&Oii (3.12).

@i 0 & =01 iQesin] (0 @) +[we+ERes
+ 200 W €@y COST (0 &) ] 39

201 o0 + W + EQgo

Qo & =01, > sin] (0 @) +Qecosl; 0 & 3.10
- s . G £Qes . .
Q10 & = Quot—5p 0 & (311)
al
s . Gp + EQso .
Q20 & = Qe —55 0 & (312)
a?2
State Il (010):

During this interval, switche§ and0 remain in the orstate. The voltage polarities @f
andw  arereversed compared to those in State I. In this state, dlodesO become forward

biased and conduct the resonant current, while the magnitude afxceeds that ab . This
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state concludes at time instantwhen switche$ and0 are turned off. The corresponding state

equations are given i3.(13)i (3.16).

Wi 0 O =01 i @asint (0 0) +§[w@ EWoo

+ 2050 Wt EWey COST; O O ] 313
2k 1+ G B
Qo o =01 — SR TRt (6 ) +Qucosli 0 & 314
o~ e . Wy + €W

R10 & =Qrat 55— 20 (3.15)

al
Q20 O =Qea —5p—— 0 O (3.16)

a2

State Il (070):

During this interval, all primargide switches are turned off, corresponding to the-tlesl
period. The voltages across the main transformmer and the resonant tards  transition
toward their negative values in preparation for the subsequent switchirgytlalf By the end of
this interval, the output capacitances of switdhesand0 are fully discharged, enabling zero
voltage turron in the negative cycle. Throughout the dead time, the resonant current and voltage
are assumed to remain constant.

Due to the symmetrical operation of the converter, the magnitudes of the resonant variables
ato are equal to those at, with opposite polarities. In addition, the secondary current reverses
its direction at time instanit, indicating that the resonant current becomes equal to the sum of the
magnetizing currents at this transition point. Furthermore, power balance is enforced by energy
conservation, such that the input power equals the output power understdadgperadn.

Based on these conditions, the voltage gain of the converter operating in theesgomant region

can be derived using the relationships giver8id/)i (3.22).
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W @ =W 6 =0 0 (3.17)

RO =00=90 3.18
Q1D TR =R G (3.19)
Q2 = Q20 = Q20 (3.20)
VA =R10 +R20 (3.21)

Og = Ugos (322)

c. Below resonant frequency "Q

When operating below the resonant frequency, the voltage gain of thel lieGonant
converter exceeds unity. Under this condition, the converter operates in discontinuous conduction
mode and may reside in either the inductive or capacitive region depemdthg load level. In
the capacitive region, ZVS is lost due to the presence of leading current. BecalBé ttedies
on the detailed operating states, the betesonant operation can be classified into four
representative waveform patterns correspogido different load conditions, as illustrated in
Fig.3.6.

Under lightload and mediurtoad conditions, the resonant current is clamped by the
magnetizing current, as shown in F§6 (a)and Fig.3.6 (b) In the heawyjoad condition, the
resonant current is initially clamped by the magnetizing current and subsequently resumes resonant
behavior once the transformer voltages reach levels constrained by the output voltage, as depicted

in Fig. 3.6 (c) During this process, the converter transitions from the inductive region to the
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capacitive region. Under overload conditions, which represent an extreme case of heavy loading,
the resonant current is no longer clamped by the magnetizing current, as showrBi6 Fd.

resulting in the loss of ZVS. Therefore, operation in the overload region should be avoided.
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Fig. 3.6fiBelow resonant frequenoyvaveforms under different load conditions. (a) Ligh

load. (b) Medium load. (c) Heavy load. (d) Overload.
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Based on these observations, fHeA of the lightload, mediurdoad, and heawoad
operating conditions is sufficient to accurately derive the voltage gain characteristics, as these

cases capture both the inductive operating region and the transition point to the capacitive region.

1) Medium Load Condition

The mediurdoad condition is analyzed first because it exhibits the same operating states as
the other load conditions. Under this condition, ZVS is maintained, as the resonant current is
clamped by the magnetizing current. Owing to the symmetrical operatithe converter, only
half of the switching cycle is considered in the tidwnain analysis.

State | (070):

At time instantd , switches) and0 are turned on undeZVS conditions. During this
interval, the resonant curref@flows in the negative direction, while the voltage across the main
transformewd  remains positive. Diodé® andO are forward biased and conduct the resonant
current, allowing power to be transferred to the output side throughout this state. This interval ends
at 0 , when the resonant current decreases to the level of the magnetizing current. The

corresponding state equations are giverBiga3ji (3.27).

3 Oy
0= 1+ Uil 323
a2

b 0 @ 1 R+ Qage
Ug 2

+0101 1 205 0 We+ EQgp SINT { O O

- — (3.24)
2041 l+cos]; 0 O

® oL =
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Wi 0 O =Qublisinl (0 &) +§[w@ EW oo
+ 2050 Ot EQey COST (0 ) ] 3.25

20 o1t W £EQg
2

Qo o =01, %sin7 (0 &) +Qucosl; 06 O 326

@10 O = @11,01"‘T100 0 Q (3.27)
o

State Il (070):

During this interval, switche8 and0 remain in the orstate. The resonant current is
clamped by the magnetizing current throughout this state. This interval concludes at time instant
0, when switche® and0 are turned off. The corresponding state equations are giva2aji (

(3.22).

. Q s o -
0= 6‘| l'-‘)é(l T “r‘g»‘l ) 0=20; Vg1 i ( . )
i)m = M?Eba 1t TQ‘)‘I ) 3.29
Wi 0 O = T@,bzsmho 0 O +ﬁ[0‘|(ﬂ@
+6‘| TQJ’%‘I &2 (JO@ cosh 0 0O o ] 3.30
'Qé(‘)bz 1+‘§26602 Un'® -
QO O = ——— s s s _“‘Q@ , 331
20g; 1+ 3002 U 6 Wy o
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N 36
State lll (070):

During this interval, all primargide switches are turned off, corresponding to the-tlesel
period. The voltages across the main transforimer and the resonant tank  transition
toward their opposite clamped values in preparation for the negativeyisldf By the end of this
interval, the output capacitances of switchesaind0 are fully discharged, enabling zevoltage
turnon in the subsequent switching interval. Throughout the dead time, the resonant current and
voltage are assumed to remain constant.

2) Light Load Condition

Compared with the mediwhoad condition, the lightoad operation exhibits an extended
interval during which the resonant current is clamped by the magnetizing current before resonance
is initiated. Under this operating condition, ZVS is also maintaingth the ZVS condition
primarily determined by the magnetizing current.

State IV (070):

At time instantd , switchesO and0 are turned on undefVS conditions. During this
interval, the resonant curréefilis clamped by the magnetizing current until time inséanft 0 ,
the resonant current is released from the clamped condition and resonance is initiated. The state
equations for this interval are obtained from those of State Il by updating the initial conditions at
0 and applying a negative polarity to the input voltage

3) Heavy Load Condition
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Under heawyload operation, an additional transformer voltage clamping stage, denoted as
State ll(b), appears when the transformer voltages reach the levels defid&ylamd 8.8) at the
end of State Il. In this operating condition, the ZVS behavior becomes load dependent due to the
presence of continuously conducted current at the end of the switching cycle. This behavior
indicates the transition of the resonant converter framntuctive operating region toward the
capacitive region.

State lI(b) (0710 ):

During this interval, switche8 and0 remain in the osstate. The transformer voltages
@ andw reach the levels defined iB8.7) and B.8), respectively. In this state, the resonant
current is no longer clamped by the magnetizing current and continuously supplies current to the
output side. As a consequence, the resonant current becomes load dependent and may cross zero,
which can result inhe loss of ZVS conditions. The state equations for this interval are obtained
using the same formulation as 819) 1 (3.12), with the initial conditions replaced by those at time
instanto .

The boundary relationships defined $8117)1 (3.22) remain applicable to the belesgsonant
operating region. By combining these relationships with the state equatid@7i (3.32), the

voltage boost gain under belewsonant operation can be derived.
3.3Design Methodologyof the LLC-T Resonant Converter

a. LLC-T converter voltage gain

The timedomainbased voltage gain derivation procedure is summarized ir8FHign the
aboveresonant operating region, the voltage gain can be directly obtained from the analytical
model, since the transformer voltages remain clamped throughout the switching cycle. Although

the operating behavior in the beleasonant region requs four distinct analytical models, the
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voltage gain can still be accurately determined by identifying the ghaied operating state
corresponding to each switching frequency.

As the switching frequency is swept from the lowest to the highest value, the gain calculation
follows a sequential progression from the overload condition to theltigttcondition. If no
physically valid solution is obtained from a given thh@main malel, indicated by a negative
state duration, this outcome signifies that the assumed model does not correspond to the actual

operating point. In such cases, the gain calculation automatically transitions to the next applicable

model.
( Start )
h A
Fs=Fmin
No /\
Fs>Fr? <
\/ Yes
M=1 (Heavy Load Model) ¥
» M=2 (Medium Load Model) Above Resonance Model
M=3 (Light Load Model)
N/A Yes
M=M+1 [« Answers?
h 4
Fs=Fs+0.05Fr
Yes

Fig. 3.7 Voltage gain derivation procedure.
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The resulting voltage gain curves derived from the {itomain analysis are presented in Fig.
3.8 Compared with a conventional LLC resonant converter employing the same resonant tank
parameters, the proposed LiICconverter exhibits a significantly reduced switching frequency
range while maintaining a wide output voltage regulation capability. Furtre, the analytically
derived voltage gain curves show excellent agreement with simulation results, validating the

accuracy of the proposed tirdemain modehg approach.
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Fig. 3.8 Derived LLGT gain curves (derivation and simulation) and LLC gain curve.

b. LLC-T Converter Design Methodology
A design methodology is developed for a 400 V input, 26850 V output, 3 A prototype
intended for a typical plug hybrid EV charger application. The charging profile shown in Fig.

3.9is adopted as the design reference. Specifically, a corstaent (CC) charging mode at 3 A
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is applied from 250 V up to 450 V, after which the operation transitions to consitage (CV)
charging at 450 V. Accordingly, the maximum switching frequency is determined by the 250 V /
3 A CC charging condition, while the minimum switching frequeisayonstrained by the 450 V

/ 3 A CV charging condition.

TheTDA presented in the previous section is employed to accurately design the resonant tank
parameters over the entire operating range. Owing to the narrow switching frequency variation
enabled by the proposed LETtopology, a relatively high resonant freqag of 500 kHz is
selected. Operating at this elevated frequency also helps alleviate the potential increase in

converter volume introduced by the additional auxiliary transfofMer

450V

Vcharging [

Battery Voltage

250V

L A

<l
-

- »l

< "1
Constant Constant
Current Voltage

Fig. 3.9 Typical EV batterycharging profile.
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The design procedure begins with the selection of the main transformer turns ratio based on
the nominal battery voltage, as defined3r88). To simplify the overall design, the turns ratio of
the auxiliary transformer is chosen to match that of the main transformer. This choice is justified
because adjusting the auxiliary transformer turns ratio serves an equivalent role to modifying the
reonant inductance in shaping the voltage gain characteristics of the converter.
W

€ — o® O
w

The magnetizing inductance of the main transformer is determined based on theas®erst
ZVS condition. When the operating point deviates from the resonant frequency, the phase shift
between voltage and current results in multiple voltage levels appeachogs the main
transformer, as illustrated in Fig.5and Fig.3.6. Owing to the lagging resonant current, the lower
voltage level occupies a shorter duration compared to the higher voltage level. Even under purely
reactive operation, the maximum achielaphase shift is limited to 905 at which point the two
voltage intervals become equal in duration.

As a consequence, the dominant voltage interval across the main transformer corresponds to
the higher voltage magnitude, givenhy €@ 7¢. This voltage magnitude decreases as the
output voltagen is reduced. Therefore, the remeansquare (rms) voltage across the main
transformer reaches its minimum value at the lowest output voltage condition. Under this operating
point, the voltsecond applied to the transformer is minimized while the switdngggency is
maximized.

Accordingly, the worstase ZVS condition occurs at the 250 V / 3 A operating point. Based

on this condition, the maximum allowable magnetizing inductance required to maintain ZVS can
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be determined usin@®(34), which accounts for the specified dead tionethe output charge of
the switching device8 , and the maximum switching frequeri€y

EW
o g wr

The introduction of the auxiliary transformer and its magnetizing inductance inevitably gives
rise to an additional resonant frequency in the system. The corresponding voltage gain
characteristics under different magnetizing inductance ratiog0  are illustrated in Fig3.10
over an extended normalized frequency rari@e T®fw8t . It can be observed that the

additional resonant frequency has a negligible influence on the gain characteristics within the

inductive operating region, where ZVS can be maintained.
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Fig. 3.10Impact of introduced resonant frequency with differ@ntf0
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As the magnetizing inductance ratio 70 increases, the maximum switching frequency
required to achieve a given voltage gain is reduced. From a design perspective, a large magnetizing
inductance is also desirable for the auxiliary transforieiin order to limit its magnetizing
current, since this transformer does not directly contribute to the ZVS condition. In addition, a
larger value ofy effectively reduces the voltage drop across the leakage inductaiée, of
thereby preserving the intended frequency range compression performance.

Based on these considerations, the magnetizing inductance of the auxiliary transformer

should be designed to be significantly larger than that of the main transformér, i.e.,0

6 pfi I O o o
2 T T
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Fig. 3.11LLC-T gain curve with different inductance ratio.
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The inductance ratid , defined as the ratio of the magnetizing inductance the resonant
inductance) , is selected by sweeping the voltage gain characteristics, as shown 3nlEigh
larger value of) results in a higher achievable boost gain, whereas a srialleads to an
increased buck gain. From a practical design perspective, a relatively small resonant inductance
0 is generally preferred in order to reduce inductor size, magnetic loss, and voltage stress across
the resonant capacitor.

In addition to gain requirements, a symmetric switching frequency range around the resonant
frequency is desirable to ensure that all operating points remain centered near resonance. Based
on these considerations, an inductance ratidé of v is selected, which accommodates the
required output voltage range of 250 V to 450 V while constraining the normalized switching
frequency within the range of 0.8 to 1.25.

The resulting voltage gain curves of the designed resonant tank are presente®.ib2Fig.
over the entire output voltage range. These results verify that the 3 A CC charging trajectory
remains within the designed frequency range when evaluated at the boundary load conditions
corresponding to 250V /3 Aand 450 V / 3 A.

The voli second stresses of the transformers over the entire output voltage range are
illustrated in Fig.3.13 Based on the maximum vibfecond requirement occurring at the 450 V /

3 A operating condition, the main transformer is designed using a PQ32/30 ferrite core with a 16
turn primary winding. In contrast, the auxiliary transformer experiences only a frattiloe total
voltage, resulting in a maximum viddtecond that is approximately one quarter of that of the main

transformer.
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Fig. 3.12LLC-T gain curves through the entire voltage range when CC=3A.

12 x1073
) Main Transformer I
Auxiliary Transformer
1 L 4
_08F 7
X
Z Rload=150Q
2 0.6 > -
<%
"
;o' Rload=83.33Q2
04 = 1
0.2 1
0 Il 1 1
250 300 350 400 450
Output Voltage (V)

Fig. 3.13Volt-sec on the transformers in the L{IOresonant converter.
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Owing to this reduced vdlsecond requirement, a smaller PQ26/20 ferrite core is selected for
the auxiliary transformer in order to minimize its volume. In addition,-am8primary winding
is chosen to reduce winding losses while satisfying the magdesgn constraints. The
corresponding flux density variations of both transformers across the entire output voltage range
are shown in Fig3.14 Compared with the main transformer, the auxiliary transformer exhibits a

lower peak flux density at the 450/\8 A operating point, indicating that its core loss contribution

remains minimal.

0.11

Main Transformer (PQ32 16:14)
0.1 Auxiliary Transformer (PQ26 8:7)

Rload=83.330
0.08 - < Rload=150Q

Y

Flux Density (T)

0.03 ]

0.02 - .

0.01 ‘ ' ‘
250 300 350 400 450

Output Voltage (V)

Fig. 3.14 Flux density on the designed transformers in the {IlL@&sonant converter.

3.4Comparison with Classical Resonanfopologies

a. Gain range comparison
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The proposed LLET resonant converter is compared with the conventional LLC resonant
converter, the CLLC resonant converter, and the LCLCL resonant converter in order to evaluate
its wide output voltage range capability. To ensure a fair and consistepadsam, the resonant
frequency, series resonant inductance, transformer turns ratio, and inductance ratio are maintained
at the same values for the conventional LLC converter. For the CLLC topology, the psidery
resonant tank is kept identical, while secondargide resonant tank is designed according to the
transformer turns ratio. The nottype LCLCL resonant converter is designed following the
methodology presented i89], using the same series resonant inductance. The detailed design

parameters of all compared topologies are summarizedBLE 3.1

TABLE 3.1

PARAMETERS OF THE OTHER RESONANT CONVERTER ANDLLC-T CONVERTER

Parameters LLC CLLC LCLCL Proposed

Resonant FrequencQ 500 kHz 500 kHz 500 kHz 500 kHz
Transformer turns 8/7 8/7 8/7 8/7
Magnetizing inductance 35 H 35 H 35 H 35 H
Magnetizing inductance - 500 H
7 H 7 H 7 H 7 H

Series resonant tank
14.1 nF 14.1 nF 8.9nF 14.1 nF

54 H 3.8 H
Additional resonant tank - -
18.4 nF 6.7 nF
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The voltage gain characteristics of the compared resonant converters are showA.kbFig.
It can be observed that the conventional LLC resonant converter exhibits the narrowest output
voltage range among the evaluated topologies. The CLLC resonant converter provides extended
voltage gain in the abovwesonant region, while its gain charag#ds in the belowesonant
region remain comparable to those of the conventional LLC converter. The LCLCL topology
further extends the voltage gain over the emtperating range. By contrast, the proposed {ILC
resonant converter achieves a voltage gain in the bedsanant region comparable to that of the
LCLCL topology, while providing the widest voltage gain range in the abesenant region. In
addition, theproposed LLCT topology eliminates the need for additional resonant capacitors

required by both the CLLC and LCLCL converters.
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Fig. 3.15Gain curves comparison between different resonant topologies.
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Although the CLLC resonant converter demonstrates a gain range similar to that of the
conventional LLC topology, the conventional LLC and CLLC converters are more widely adopted
in practical applications compared to notghe resonant converters. Therefoa more detailed
comparison is subsequently conducted between the proposedT Ltdpology and the
conventional LLC resonant converter.

b. Detailed comparison with conventional LLC resonant converter.

A conventional LLC resonant converter can also achieve a comparable switching frequency
range through alternative resonant tank designs. However, this typically requires a reduced
magnetizing inductance, which leads to increased conduction losses inntlaeydull-bridge
switches and a lower inductance ratio that consequently raises the voltage stress across the resonant
capacitors.

To ensure a fair and straightforward comparison between the proposed tdgdlogy and
the conventional LLC resonant converter, several key design criteria are maintained at comparable
levels. First, the resonant frequency is kept identical for both cemseSecond, the maximum
switching frequency is constrained to the same level, as the resonant tank design is fundamentally
determined by the maximum operating frequency of the converter, even though achieving an
identical frequency range across diffdraapologies is generally not feasible.

Based on these criteria, multiple resonant tank configurations for the conventional LLC
converter are designed and summarizetABLE 3.2for comparison with the proposed topology.

It can be observed that the maximum switching frequency is controlled at a similar level in all
cases. Nevertheless, meeting this requirement for the conventional LLC converter inevitably
necessitates a very srhahagnetizing inductance in combination with a reduced resonant

inductance. As a result, the proposed ELConverterand the conventional LLC converter can
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be quantitatively compared using the following metrics: maximum allowable magnetizing
inductance, voltage stress across the resonant capacitor, flux linkage in the resonant inductor, and

the magnitude of the resonant current.

TABLE 3.2

PARAMETERS OF CONVENTIONAL LLC RESONANTCONVERTER ANDLLC-T CONVERTER

LLC Case LLC Case LLC Case Proposed

Parameters
I Il 1] LLC-T
Input voltagew 400 V 400V 400V 400V
250V-450 250V-450 250V-450
Output voltagew 250V-450 V
Vv Vv Vv
Constant Curren© 3A 3A 3A 3A
Resonant Frequenc 500 kHz 500 kHz ~ 500 kHz 500 kHz
Main transformer turns 8/7 817 817 817
Magnetizing inductancé 30 H 20 H 10 H 35 H
Magnetizing inductance - 500 H
Resonant inductande 21 H 14 H 7 H 7 H
Resonant capacitar 4.7 nF 7.1 nF 14.1 nF 14.1 nF
Auxiliary transformer turns - - - 8/7
Maximum Normalized Frequenc
1.23 1.29 1.35 1.29

yod

Because the maximum switching frequency is maintained at the same level for all compared

cases, the magnetizing inductance required to satisfy the ZVS condition at different output voltages
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can be directly evaluated, as shown in Bd.6 Owing to the presence of the inversmipled
auxiliary transformer, the voltage variation across the main transformer in the proposéd LLC
converter is significantly reduced. As a result, a larger magnetizing inductance is sufficient to
maintain ZVS opeation, particularly under low output voltage conditions. A narrower required
range of magnetizing inductance indicates reduced circulating energy within the resonant tank.
The corresponding resonant current characteristics are presented #11FigAmong the
three compared cases, the conventional LLC converter with Case | design exhibits the lowest
resonant current at the resonant frequency. However, as the operating point moves away from
resonance, the resonant current in the proposedLt@nveter is further reduced by up to 20%
compared with the conventional LLC converter. This reduction directly reflects the effectiveness

of the LLGT topology in suppressing circulating energy over a wide operating range.
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Fig. 3.16 Required maximum magnetizing inductance on EL@nd LLC converters.
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Fig. 3.17 Resonant current on LL-C and LLC converters

The voltage stress across the resonant capacitors under different operating conditions is
illustrated in Fig3.18 where the stress level is affected by both the inductance ratio and the output
power. Among the conventional LLC designs, Case Il exhibits the lowest capacitor voltage stress
at the 250 V / 3 A operating point. However, as the output voltage increa488 v/ / 3 A, the
capacitor voltage stress converges to a similar level for all three conventional LLC cases. By
contrast, the proposed LLT converter achieves approximately a 60% reduction in resonant
capacitor voltage stress. This improvement is primarily attributed to the combination of a smaller

resonant inductance and a larger magnetizing inductance enabled by tietbphalogy.
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Fig. 3.18Voltage stress across resonant capacitors onLla@d LLC converters

In addition, the flux linkage of the resonant inductor is shown inFI@. The results indicate
that the LLCGT converter maintains a consistently lower flux linkage compared to the conventional
LLC configurations. Consequently, both the core loss and winding loss of the resonant inductor
are effectively reduced.

The comparison results demonstrate that the proposedTLigSonant converter achieves a
narrow switching frequency range without introducing additional losses or increased voltage stress,
while maintaining favorable power density. Among the conventioh&l kesonant converter
designs, Case | is expected to deliver the highest efficiency, as it exhibits the lowest resonant
current across the operating range.

Therefore, to objectively evaluate the efficiency improvement enabled by the proposed
topology, the LLCT resonant converter is experimentally compared with the conventional LLC

resonant converter employing the Case | design in the following section.
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