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ABSTRACT 

The rapid growth of electric vehicles (EVs) has created a strong demand for isolated 

dcïdc converters capable of operating over an ultra-wide output voltage range while 

maintaining high efficiency and high power-density. Among various isolated converter 

topologies, the LLC resonant converter is widely adopted due to its inherent soft-switching 

capability. However, in wide-output-voltage EV charging applications, conventional LLC 

converters rely on large switching frequency variation to regulate the output voltage. This 

operating characteristic inevitably leads to excessive circulating energy through the entire 

primary switching networks, higher voltage and current stress on resonant components, 

and significant degradation of full-range efficiency, especially as the operating point 

deviates from the resonant frequency. 

In universal EV charging systems, where the output voltage is required to cover a 

broad range of battery voltages (e.g., 50 Vï1000 V), the fundamental challenge is no longer 

voltage regulation alone, but rather how to optimize the resonant circulating energy of 

LLC-based converters to an efficient operating region while supporting ultra-wide voltage 

gain. Conventional resonant converter topologies struggle to simultaneously satisfy these 

conflicting requirements, particularly under high-frequency operation where circulating 

energy directly impacts efficiency and power density. 

This dissertation investigates wide-output-range resonant dcïdc converter design for 

EV charging applications, with a focus on limiting the circulating energy of LLC resonant 
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converters across an ultra-wide voltage range. Three approaches are explored, including 

modulation, topology, and resonant tank design methodology. To accurately capture 

resonant behavior over wide operating conditions, time-domain analysis (TDA) is 

employed in place of the conventional first-harmonic approximation (FHA), enabling 

precise resonant tank optimization. 

First, a novel pulse-width-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 secondary-side PWM 

control, the proposed topology can operate at the resonant frequency which is considered 

as its optimal point, thereby limiting circulating energy while achieving an ultra-wide 

output voltage range. A time-domain-based optimization methodology is developed to 

accurately model the resonant behavior on the primary side and guide resonant tank 

parameter optimization for improved full-range efficiency while maintaining zero-voltage 

switching (ZVS) across the entire operating range. 

Second, to fundamentally restrict the resonant energy circulation through topology 

design, an LLC-T resonant converter topology is introduced to reshape the voltage gain 

characteristic at the resonant-tank level. By incorporating an inverse-coupled auxiliary 

transformer into the resonant tank, the equivalent resonant inductance and capacitance are 

load dependent. Thus, the LLC-T topology significantly compresses the required switching 

frequency range and reduces circulating energy and resonant component stress compared 

to conventional LLC converters with identical resonant tank designs. Load-independent 

ZVS is maintained over a wide voltage and load range, enabling efficient high-frequency 

operation. The operating principles and characteristics of the proposed topology are 
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analyzed using a time-domain model under different operating conditions, including 

above-resonant, below-resonant (inductive and capacitive regions), and at-resonant 

operation. 

Finally, building upon the LLC-T resonant tank as a low-gain, high-efficiency 

operating mode, an LLC-Tïbased reconfigurable resonant converter architecture is 

developed to extend the achievable voltage regulation range for universal EV charging 

systems covering a 50 Vï1000 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 soft-switching performance. Experimental results from 

a 3.7 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 

approach toward high-efficiency, high power density, ultra-wide-range isolated dcïdc 

converters for next-generation EV charging applications.
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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 range of 

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, 

heat generation, and system size. As a result, achieving high efficiency across the entire 

operating range remains a major obstacle for next-generation electric vehicle charging 

systems. 

This dissertation addresses this challenge by developing new power converter designs 

that constrain internal energy circulation while enabling wide voltage adaptability. Rather 

than relying on a single design technique, the work explores different strategies that allow 

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 
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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 future power 

electronics systems that must operate efficiently over wide ranges of operating conditions 

while maintaining high power density. 
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Chapter1 

Introduction 

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 are no longer 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 traction-based passenger electric vehicles designed for highway 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 ultra-fast charging [1]. 

However, not all EV markets follow this high-voltage trajectory. In certain regions, charging 

standards explicitly accommodate low-voltage electric vehicles. A representative example is the 

Bharat DC-001 charging standard [2], which has been developed to support cost-sensitive and low-

speed electric vehicles widely deployed in India. Under this framework, EV battery voltages can 

be as low as 48 V-class architectures. Although these low-voltage EVs are not dominant in high-
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power fast-charging applications, they represent a substantial installed base and must be supported 

by charging infrastructure designed for regional interoperability. 

Beyond Bharat, other widely adopted charging standardsðincluding CHAdeMO, CCS, and 

ChaoJiðprimarily target higher-voltage traction batteries and define distinct voltage and current 

envelopes for dc charging. Taken together, these protocols impose highly heterogeneous electrical 

requirements on EV charging systems. According to Society of Automotive Engineers (SAE) 

J1772-202401 [3], an EV charging power module intended for universal charging should be 

capable of supporting an extremely wide dc output voltage range, spanning from low-voltage 

battery systems on the order of 50 V to high-voltage traction platforms approaching 1 kV. 

According to the standard (Q/GDW 10233-2018) 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 places strict constraints on the design 

of isolated dcïdc 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 range to minimize 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 to nearly one kilovolt. 

Conventional converter designs optimized for a narrow voltage window are insufficient to 

meet these demands. Instead, the dcïdc conversion stage must be inherently capable of wide 

voltage adaptability while maintaining efficient and reliable operation. These challenges motivate 
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continued research into advanced isolated dcïdc converter technologies that can support a 50 Vï

1000 V output voltage range for universal EV charging applications. 

1.2 Resonant Converters for EV Charging Applications 

Regardless of the charging protocol or battery voltage level, the isolated dcïdc converter 

serves as the core voltage regulation stage in EV charging systems as shown in Fig. 1.1. Its primary 

function is to convert the dc-link 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 of the isolated dcïdc 

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

system.  

 

A variety of isolated converter topologies have been investigated for EV charging 

applications, including two-stage solutions based on a dc transformer (DCX) followed by a PWM 

converter, phase-shift full-bridge (PSFB) converters, dual-active-bridge (DAB) converters, and 

resonant converters.  

a) Two-stage architecture 

Two-stage architectures (Fig. 1.2) combining a dc transformer (DCX) with a pulse-width-

modulated (PWM) converterðtypically a buck or buckïboost converterðhave been proposed in 

[4], [5] for EV charging applications due to their mature technology base and relatively simple 

 

Fig.  1.1 EV charging systems block diagram. 
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control strategy. In such systems, the DCX stage operates as an unregulated, high-efficiency 

isolated converter, while the PWM stage provides the required output voltage regulation. Although 

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 when operating far from its optimal duty ratio. 

In addition, the cascaded structure leads to increased component count, larger system volume, and 

more complex thermal management. Consequently, DCX-based two-stage solutions face inherent 

efficiency and cost challenges when applied to high-power, wide-voltage-range EV charging 

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

 

b) Phase-shift full-bridge (PSFB) 

PSFB converters (Fig. 1.3) represent a mature and widely adopted isolated topology for high-

power applications. PSFB converters feature fixed-frequency operation and relatively simple 

control implementation, which makes them attractive for industrial power conversion systems. 

However, their soft-switching capability is inherently limited, particularly under light-load 

conditions and wide output voltage variation. Increasing the transformer leakage inductance can 

extend the soft-switching range of PSFB converters by providing additional energy for zero-

voltage switching. Nevertheless, a larger leakage inductance aggravates duty-cycle loss, which 

leads to increased conduction loss, and reduced efficiency. Moreover, excessive leakage 

 

Fig.  1.2 Two-stage EV charging systems block diagram. 
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inductance constrains the achievable switching frequency, thereby restricting power density 

improvement.  

 

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 this issue, they inevitably introduce 

additional circuit complexity, increased component count, and extra power loss. As a consequence 

 

(a) 

 

(b) 

Fig.  1.3 Phase-shift full bridge converter. (a) Topology. (b) Typical operation waveforms 

with duty cycle loss in [6]. 
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of these limitations, PSFB converters are typically operated at relatively low switching frequencies, 

making them less attractive for compact, high-power-density EV charging modules that require 

wide voltage adaptability and high efficiency. 

c) Dual-active-bridge (DAB) 

DAB converters (Fig. 1.4) represent another widely studied isolated topology, particularly for 

applications requiring bidirectional power transfer [7]. DAB converters offer flexible power flow 

control through phase-shift modulation between the primary and secondary bridges and naturally 

support bidirectional operation, which makes them attractive for energy storage and vehicle-to-

grid applications. However, the operation of DAB converters inherently involves substantial 

reactive power circulation, especially when the voltage conversion ratio 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 efficiency.  

 

In conventional DAB implementations using single phase-shift (SPS) modulation, the control 

scheme is relatively simple but suffers from a limited soft-switching range. Similar to phase-shift 

full -bridge converters, zero-voltage switching (ZVS) cannot be guaranteed under light-load 

 

Fig.  1.4 Dual active bridge converter. 
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conditions or large voltage mismatch, further reducing efficiency. To address this limitation, 

advanced modulation schemes such as dual phase-shift (DPS) and triple phase-shift (TPS) control 

have been proposed to extend the ZVS range and reduce reactive power circulation. Although DPS 

and TPS modulation can improve soft-switching performance and efficiency over a wider 

operating range, they significantly increase control complexity and implementation burden. The 

requirement for precise phase coordination, increased computational effort, and more complex 

control tuning makes these approaches less attractive for high-power EV charging systems. 

Consequently, despite their control flexibility, DAB converters are often less efficient and more 

complex to implement under wide voltage range conditions. 

d) LLC resonant converter 

LLC resonant converters (Fig. 1.5) offer an alternative approach to isolated dcïdc conversion 

by utilizing resonant networks to regulate the output voltage, thereby enabling soft-switching 

operation over a wide load range [8]. Unlike PSFB and DAB, where soft-switching capability 

strongly depends on load condition and operating point, resonant converters can maintain ZVS 

over a wide load range. As a result, hard-switching operation under light-load conditionsð

commonly encountered in PSFB and single-phase-shift DAB convertersðcan be effectively 

avoided. This characteristic is particularly advantageous for EV charging applications, where 

charging profiles include extended light-load and standby operating regions. 
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Another key advantage of LLC resonant converters is their reduced turn-off current. Due to 

the sinusoidal nature of resonant current waveforms, the current at device turn-off is significantly 

lower than that in phase-shift-modulated converters. This feature leads to reduced turn-off loss and 

lower switching stress, making resonant converters well suited for high-frequency operation. 

Higher switching frequency directly enables the use of smaller magnetic components, including 

transformers and resonant inductors, thereby contributing to increased power density. 

Despite its favorable soft-switching characteristics and suitability for high-frequency 

operation, the conventional LLC resonant converter exhibits inherent limitations in ultra-wide 

voltage range applications. Near the resonant operating point, the LLC converter 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 meet wide output voltage requirements, the LLC converter must operate over a broad 

switching frequency range, particularly under extreme voltage conditions. This broad frequency 

range, with load-dependent gain characteristics, makes it difficult to maintain high efficiency 

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

 

Fig.  1.5 LLC resonant converter. 
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excellent peak efficiency near resonance, its full-range efficiency is inherently compromised in 

ultra-wide voltage applications. 

This trade-off 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 capable of achieving wide voltage 

gain within a narrow frequency range. 

1.3 Overview 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 

capability and efficiency enhancement. Existing 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 objective: 

achieving wide output voltage regulation while preserving the high efficiency across full range. 

a. Variable dc-link voltage architecture 

Variable dc-link voltage control (Fig. 1.6) has been proposed in [9],[10] as an effective 

approach to improve the overall efficiency of EV charging systems. By adjusting the dc-link 

voltage according to the battery voltage, the required voltage gain of the isolated dcïdc converter 

can be reduced, allowing it to operate closer to its optimal point and thereby improving dcïdc stage 

efficiency over a wide output voltage range. 
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However, this approach introduces important system-level trade-offs. Varying the dc-link 

voltage increases voltage stress on dc-link components and shifts the burden of wide voltage 

regulation to the front-end power factor correction (PFC) stage. Unlike fixed dc-link architectures, 

variable dc-link 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. Although efficiency improvement at the dcïdc stage can 

compensate for this penalty, the overall system efficiency gain remains constrained. 

 

 

Fig.  1.6 Variable dc-link voltage architecture. 

 

 

(a)       (b) 

Fig.  1.7 Efficiency of variable dc-link voltage architecture reported in [10]. (a) PFC 

efficiency. (b) dc-dc stage efficiency. 
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From a system optimization perspective, addressing the wide-voltage challenge directly 

within the isolated dcïdc stage enables a more favorable solution. By maintaining high efficiency 

across the entire output voltage range at the dcïdc level, the PFC stage can be designed to operate 

at a fixed or narrower dc-link voltage. However, as the required output voltage range continues to 

expand, the voltage regulation capability of the PFC stage approaches its limit. For ultra-wide 

output ranges such as 50 Vï1 kV, voltage regulation must therefore be handled by the isolated dcï

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 modes. In [11], odd-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 wide switching frequency range, which complicates 

resonant tank design and efficiency optimization. 

Another widely studied class of solutions relies on output-side reconfiguration. In [12], [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 gain requirement within each 

operating mode.  
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Variable magnetic components-based reconfiguration techniques have also been proposed to 

achieve wide voltage regulation. In [18], [19], [20], [21], adjustable turns-ratio LLC topologies are 

realized through relays or auxiliary switches that select different transformer windings. Although 

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. In [22], [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 

produce different distinct operating modes. These techniques expand the voltage regulation range 

without altering the rectifier structure, but they increase resonant tank complexity and circulating 

energy, making full-range optimization challenging. 
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In addition, several works [29], [30], [31], [32], [33], [34], [35] achieve multi-mode operation 

by reconfiguring between half-bridge, full-bridge, and voltage-multiplier rectifier configurations. 

To further extend the voltage range, an H5-bridge topology with an asymmetrical resonant tank is 

 

(a) 

 

(b) 

Fig.  1.8 Reconfigurable LLC resonant converter as an example reported in [15]. (a) 

Topology.  (b) Reported efficiency. 
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proposed in [36] and [37], enabling up to six operating modes. While such approaches demonstrate 

impressive voltage adaptability, they significantly increase circuit and control complexity. 

Overall, although multi-mode 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 result, the circulating energy remains 

high within each operation mode which degrades the full-range efficiency. 

 

c. Multi -resonant converter 

Another category of wide-voltage-range solutions extends the voltage regulation capability 

of LLC resonant converters by reshaping the voltage gain characteristic through higher-order 

resonant tanks. Various multi-resonant tank topologies have been investigated, including LCLCL 

resonant structures formed by adding an additional LïC network to the conventional LLC resonant 

tank [38], [39], [40], as well as LLC-type converters employing parallel LïC resonant tanks [41], 

[42]. By modifying the resonant structure, these approaches can achieve extended voltage gain 

characteristics, including special operating conditions such as zero-gain operation, which are 

difficult to realize with conventional LLC converters. 

It should be noted that the merit of multi-resonant tank converters is primarily realized in the 

step-down operating region, where the reshaped gain curve enables reduced voltage gain within a 

limited switching frequency range. However, in practical EV charging applications, voltage 

regulation must be maintained over the full load range. To accommodate full-load operation, 

resonant converters are typically designed to operate with the switching frequency below the 

resonant frequency, corresponding to the step-up region. This design requirement inherently limits 

the practical effectiveness of multi-resonant tank approaches in exploiting their step-down gain 

advantages. 
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Moreover, since multi-resonant tank converters fundamentally shares the ZVS operating 

mechanism of conventional LLC converters, the magnetizing current decreases as the output 

voltage is reduced in deep step-down operation. As a result, ensuring soft-switching under 

minimum output voltage conditions often requires increased circulating current. 

Consequently, although higher-order resonant tanks can extend the voltage gain, wide voltage 

regulation is still achieved through variable-frequency modulation, often accompanied by 

increased circulating energy and more challenging full-range efficiency optimization. These 

limitations motivate alternative solutions that can achieve ultra-wide 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-

voltage-range resonant converters by reducing the required switching frequency range. Instead of 

relying solely on PFM, these approaches introduce additional control degrees of freedom, such as 

phase-shift modulation (PSM) or PWM, to regulate the output voltage within a constrained 

frequency window. 

PSM resonant converters operating at fixed switching frequency have been reported in the 

literature. In [43] a hybrid resonant converter combining phase-shift control with dual resonant 

tanks is proposed. A hybrid modulated LLC resonant converter is proposed in [44], which 

implements PSM and PFM.  A fixed-frequency hybrid-modulated resonant converter is presented 

in [45], where the buck mode is realized through primary-side phase-shift modulation and the 

boost mode through secondary-side phase-shift control. Although these approaches can effectively 

reduce the operating frequency range, increased circulating energy is often required to maintain 

ZVS, particularly under light-load conditions. 
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PWM-based resonant converter topologies have also been investigated to achieve bounded 

voltage gain while improving full -range efficiency. In [46], PWM signals are applied to the inner 

synchronous rectifiers of a voltage-quadrupler rectifier to regulate the output voltage. However, 

hard-switching operation of the synchronous rectifiers limits the achievable switching frequency 

and constrains power density. To address this issue, fully ZVS PWM-type LLC converters are 

proposed in [47] and [48], where auxiliary MOSFETs are used to reconfigure the rectifier between 

voltage-multiplier and full-bridge configurations. Nevertheless, the achievable voltage gain range 

of PWM-based resonant converters remains limited; due to the inherent voltage-doubler rectifier 

structure, the maximum output voltage is typically constrained to approximately twice the 

minimum output voltage. 

Furthermore, hybrid PFMïPWM resonant converter (Fig. 1.9) have been proposed to achieve 

ultra-wide output voltage ranges, as reported in [49]. While high efficiency can be maintained in 

the PWM-dominated 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 fundamentally based on the 

conventional LLC operating mechanism. Moreover, when conventional PFM is incorporated into 

hybrid modulation schemes, efficiency degradation still occurs in the PFM-dominated operating 

region, where the converter operates away from its resonant point. 
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1.4 Circulating Energy as a Fundamental Limitation 

Despite the diverse circuit structures and control strategies proposed for wide-voltage-range 

resonant converters, a common challenge persists: circulating energy increases as the required 

output voltage range expands, leading to elevated current stress, higher conduction loss, increased 

resonant tank voltage stress, and degraded efficiency. This issue becomes non-trivial in universal 

EV charging applications, where converters must operate efficiently over an ultra-wide output 

 
(a) 

 

(b) 

Fig.  1.9 PWM and PFM hybrid resonant converter reported in [49]. (a) Topology and 

operation range. (b) Reported full-load efficiency. 
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voltage and load range. Under low-voltage or light-load conditions, maintaining soft-switching 

often requires additional circulating current, further reducing full-range efficiency. 

In LLC-based resonant converters, circulating energy is an inherent consequence of resonant 

power transfer. The reactive energy within the resonant tank establishes the phase shift between 

the primary H-bridge voltage and the transformer voltage, which is essential for voltage regulation. 

Although circulating energy is unavoidable when achieving a wide voltage gain range, its 

distribution can be optimized. In particular, keep the dominant reactive power within the resonant 

tankðrather than allowing it through the primary switching networkðoffers a pathway to 

improved efficiency. 

Therefore, achieving wide voltage regulation without directly addressing circulating energy 

inevitably results in trade-offs among efficiency, complexity, and operating range. A more 

fundamental solution is required to enable ultra-wide voltage range while inherently optimizing 

circulating energy on the primary side. This insight forms the basis of the research objectives and 

approaches presented in this dissertation. 

1.5 Research Objectives and Dissertation Outline 

Motivated by the fundamental challenge of circulating energy in limiting the efficiency of 

wide-voltage-range resonant converters, the primary objective of this dissertation is to develop 

resonant converter topologies and control strategies that enable ultra-wide output voltage 

regulation while inherently mitigating circulating energy. This work addressed the problem at its 

origin by investigating how energy is transferred and circulating energy is optimized within the 

resonant power stage. 

The objectives of this dissertation are summarized as follows: 

1.   Enable an ultra-wide output voltage range for universal EV charging applications. 
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2.  Limit circulating energy through a broad voltage gain range to enhance full range 

efficiency. 

3.  Maintain soft-switching capability and high efficiency across the entire voltage and load 

range. 

4. Enable high frequency operation to achieve high power density 

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

Chapter 2 presents a PWM-type LLC resonant converter aimed at minimizing circulating 

energy over a wide output voltage range using a voltage-multiplier rectifier. This chapter first 

introduces the operating principle of the proposed PWM-based resonant converter 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 demonstrate the efficiency improvement achieved by the 

proposed PWM-type LLC resonant converter. 

Chapter 3 introduces an LLC-T resonant converter topology designed to mitigate circulating 

energy under conventional pulse frequency modulation (PFM) control. By introducing an auxiliary 

transformer in parallel with the LC resonant tank, the proposed LLC-T converter achieves wide 

voltage regulation while providing a shortened conduction path for reactive power circulation 

compared with conventional LLC converters. Thus, the converter efficiency is improved. This 

chapter analyzes the operating characteristics and voltage gain behavior of the LLC-T topology. 

The design methodology is presented, followed by experimental comparisons between the 

proposed LLC-T converter and a conventional LLC converter to demonstrate the resulting 

efficiency enhancement. 
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Chapter 4 extends the LLC-T concept to a reconfigurable converter architecture for universal 

EV charging applications. Building upon the inherent advantages of the LLC-T topology, a 

reconfigurable LLC-T-based resonant converter is proposed to achieve an ultra-wide output 

voltage range from 50 V to 1000 V. Through 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 chapter focuses 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 reconfigurable LLC-T prototype achieves 

high power density. 

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

potential directions for future research. 
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Chapter2 

An Ultra-Wide Range Pulse Width Modulated 

LLC Converter with Voltage Multiplier Rectifiers 

In this chapter, an ultra-wide range pulse-width-modulated (PWM) resonant converter 

incorporating voltage multiplier rectifiers is presented. The proposed topology effectively extends 

the achievable PWM-regulated voltage gain from approximately two to four while maintaining 

low circulating energy across the entire operating range. As a result, high efficiency is preserved 

throughout wide-range voltage regulation. 

Beyond the PWM control itself, 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 ensuring zero-voltage 

switching (ZVS) over the full voltage and load range. Furthermore, the presented design 

methodology also supports high-frequency 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 converter (Fig. 2.1) consists of a full-bridge inverter on the 

primary side, followed by a series resonant tank and an isolated transformer. The primary-side 

power stage includes four switches forming a full bridge, a resonant inductor, a resonant capacitor, 

and the transformer 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 soft-switching conditions. 

On the secondary side, the rectifier is formed by combining two voltage-multiplier 

configurations that can provide either doubled or quadrupled output voltage operation. The 

auxiliary switches ὗ  and ὗ  are used to link the diode-bridge switching nodes to the central points 

of the multiplier capacitor network. 

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

voltage conversion states, corresponding to VDM and VQM operation. 

 

Specifically, when the duty cycles of both auxiliary switches (ὗ Ǫ ὗ) remain within the 

range of 0 to 0.5, the secondary-side circuit operates as a conventional full-bridge rectifier. When 

one auxiliary switch is fully turned on while the other operates within 0.5 duty cycle, the 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 achieves wide output voltage range. 

When the auxiliary switches operate within a duty-cycle range of 0.5 to 1.0, the voltages 

across the high-side voltage multiplier capacitors (ὅ  Ǫ ὅ ) are actively regulated. Consequently, 

the output voltage is controlled primarily by the capacitor voltages rather than by the transformer 

 
Fig.  2.1 Schematic of the proposed PWM LLC converter with voltage multiplier rectifiers. 
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voltage conversion ratio. As a result, the circulating energy within the resonant tank remains 

relatively low under different output conditions. Detailed analysis will be discussed in section 2.2 

resonant tank optimization methodology.  

A detailed explanation of the circulating energy is presented in Section 2.2 through the 

resonant tank optimization methodology. The underlying reason is that the ZVS mechanism of the 

proposed PWM-controlled resonant converter differs from that of a conventional frequency-

modulated LLC resonant converter, particularly during the PWM-regulated 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, 

ὋὥὭὲ ὲ
ὠ

ὠ
 ςȢρ 

The primary-side full-bridge 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 ὸdead is inserted 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), 

Ὢ
ρ

ς“ ὒὅ
 ςȢς 

In VDM operation, switch ὗ  remains off, while ὗ  is switched at the resonant frequency Ὢ 

with its rising edge aligned with that of ὗ , as illustrated by the steady-state waveforms. The 

resulting resonant current waveform is asymmetrical, where the positive half-cycle corresponds to 

the resonant energy transfer interval, referred to as the resonant cycle, and the negative half-cycle 

corresponds to the PWM-regulated interval, referred to as the PWM cycle. 
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To ensure ZVS turn-on of the auxiliary switch, a small intentional delay can be introduced 

between the turn-on instants of ὗ and ὗ . It should be noted that effective voltage regulation 

occurs only when the duty cycle of ὗ  lies within the range of 0.5 to 1.0. When the duty cycle of 

ὗ  falls below 0.5, the secondary-side circuit naturally operates as a conventional full-bridge 

rectifier without PWM regulation. 

The equivalent operating states within one switching cycle are depicted in Fig. 2.2. The 

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 capacitors ὠ ïὠ  are negligible. 

3. The dead time is sufficiently short such that the resonant capacitor voltage ὠ  and the 

magnetizing current Ὅ  can be treated as constants during the dead-time interval. 
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State I ὸ ὸ : 

Before ὸ, all primary-side switches are turned off, and the resonant current Ὅ  is clamped by 

the magnetizing current Ὅ , which is negative during this interval. At ὸ, the output capacitances 

of switches ὗand ὗ  are fully discharged and begin conducting the reverse current through their 

channels. As a result, switches ὗand ὗare turned on under ZVS conditions. 

During this state, power is transferred to the output through the resonant current Ὅ . 

Simultaneously, auxiliary switch ὗ  starts conducting the reverse current and achieves ZVS turn-

on while functioning as a synchronous rectifier. The time-domain expressions of the resonant 

 
Fig.  2.2 Typical steady-state waveforms in VDM. 
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variables, including the resonant current Ὅ , resonant capacitor voltage ὠ , and magnetizing 

current Ὅ , during this interval are given in (2.3)ï(2.5). 

ὠ ὸ ὲὠ ὠ ὠ ÃÏÓ
ὸ

ὒὅ
ὲὠ ὠ Ὅ

ὒ

ὅ
ÓÉÎ

ὸ

ὒὅ
ςȢσ 

 

State II ὸ ὸ : 

During this state, switches ὗ, ὗ , and ὗ  remain turned on. At ὸ, the resonant current Ὅ  is 

once again clamped by the magnetizing current Ὅ . As a result, energy transfer to the secondary 

side ceases during this interval, and the load is supplied solely by the output capacitors. 

The time-domain expressions of the resonant variables, including the resonant current Ὅ , 

resonant capacitor voltage ὠ , and magnetizing current Ὅ , during this state are given in (2.6)ï

(2.8). 
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State III ὸ ὸ : 

During this state, switches ὗ  and ὗ  are turned off, while ὗ  remains turned on, and the 

primary-side circuit enters the dead-time interval until ZVS is ready. During this interval, the 

resonant inductor is charged in a linear manner. 

Meanwhile, the output capacitances of switches ὗ and ὗ  are charged, while those of ὗ  

and ὗ  are discharged by the resonant current. At ὸ, the output capacitances of switches ὗ  and 

ὗ  are fully discharged, thereby preparing these devices for ZVS turn-on in the subsequent state.

 

State IV ὸ ὸ : 

At ὸ, switches ὗ  and ὗ  are turned on under ZVS conditions. Switch ὗ  remains turned on, 

and the resonant current Ὅ  continues to increase linearly until ὸ. During this interval, power is 

transferred from the primary side to the secondary side and delivered to the output. 

The time-domain expressions of the resonant variables, including the resonant current Ὅ , 

resonant capacitor voltage ὠ , and magnetizing current Ὅ , during this state are given in (2.12)ï

(2.14). 
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ὠὅὶ2 = ὠὅὶ3  (2.9) 
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State V ὸ ὸ : 

During this state, switches ὗ  and ὗ  remain turned on, while switch ὗ  is turned off at ὸ. 

Following the turn-off of ὗ , the resonant current Ὅ  decreases linearly until ὸ. Throughout this 

interval, power continues to be transferred to the output. 

At ὸ, the resonant current Ὅ  becomes equal to the magnetizing current Ὅ , marking the end 

of active power transfer through the resonant path. The time-domain expressions of the resonant 

variables, including Ὅ , ὠ , and Ὅ , during this state are given in (2.15)ï(2.17). 
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State VI ὸ ὸ : 
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At ὸ, the resonant current Ὅ  is clamped by the magnetizing current Ὅ , and active power 

transfer through the resonant path ceases. During this interval, the output energy is supplied solely 

by the output capacitors. 

The time-domain expressions of the resonant variables, including the resonant current Ὅ , 

resonant capacitor voltage ὠ , and magnetizing current Ὅ , during this state are given in (2.18)ï

(2.19).

 

State VII ὸ ὸ : 

During this state, switches ὗ  and ὗ  are turned off, and the primary-side circuit enters the 

dead-time interval to facilitate ZVS. Throughout this interval, the resonant current Ὅ remains 

equal to the magnetizing current Ὅ . 

During this state, the output capacitances of switches ὗ  and ὗ  are charged, while those of 

switches ὗ and ὗ  are discharged by the magnetizing current. At ὸ, which corresponds to the 

beginning of the next switching cycle (ὸ), the output capacitances of switches ὗ and ὗ  are fully 

discharged, thereby preparing these switches for ZVS turn-on in the subsequent cycle. 

The time-domain expressions of the resonant variables, including the resonant current Ὅ , 

resonant capacitor voltage ὠ , and magnetizing current Ὅ , during this state are given in (2.20)ï

(2.22). 

ὠ ὠ   ςȢςπ 

ὠὅὶὸ ὸ5 = ὠὭὲ+ ὠὧὶ5 + ὠὭὲ cos
ὸ ὸ5

ὒὩήὅὶ
+ Ὅὒὶ5

ὒὩή

ὅὶ
sin

ὸ ὸ5

ὒὩήὅὶ
 (2.18)  

Ὅὒά ὸ ὸ5 = Ὅὒὶὸ ὸ5 = Ὅὒὶ5 cos
ὸ ὸ5

ὒὩήὅὶ

ὅὶ
ὒὩή
ὠὅὶ5 + ὠὭὲ sin

ὸ ὸ5

ὒὩήὅὶ
  (2.19)  
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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 mode, ὗ  is always turned on, forming a 

voltage doubler. Switch ὗ  operates synchronously with ὗ  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 assigned to ὗ  is 

close to unity. Under this condition, enabling ὗ  for 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 ὗ  

is restricted by Ὀ . 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 that of ὗ  in VDM, which can be observed from 

the operating waveforms shown in Fig. 2.2 and Fig. 2.3 

 

Ὅὒὶ6 = Ὅὒὶ7 2.21  

Ὅὒά6 = Ὅὒά7 2.22  
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State I ὸ ὸ :  

Prior to ὸ, all primary-side FETs are turned off, and the resonant current Ὅ  is clamped by 

the positive magnetizing current Ὅ . At ὸ, the output capacitances of ὗ  and ὗ  are fully 

discharged, allowing reverse current to flow through their channels. Consequently, ὗ  and ὗ  are 

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

the resonant current Ὅ . As a result, ὗ  begins conducting reverse current and also achieves ZVS 

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

State II ὸ ὸ : 

 
Fig.  2.3 Typical steady-state waveforms in VQM. 
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Switches ὗ , ὗ , and ὗ  remain turned on during this interval. At ὸ, the resonant current Ὅ  

is again clamped by the magnetizing current Ὅ . As a result, no energy is transferred to the 

secondary side, and the output load is supplied by the output capacitors. 

State III ὸ ὸ : 

At ὸ, switches ὗ  and ὗ  are turned off, while ὗ  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 of ὗ  and ὗ  are charged, while those of ὗ and ὗ are 

discharged by the resonant current. At ὸ, the output capacitances of ὗ  and ὗ  are fully 

discharged. 

State IV ὸ ὸ : 

At ὸ, switches ὗ and ὗ  are turned on under ZVS conditions. Switch ὗ  remains on, and 

the resonant current Ὅ  continues to increase linearly until ὸ. During this state, power is 

transferred to the output side. 

State V ὸ ὸ : 

Switches ὗ  and ὗ  remain on, while ὗ  is turned off at ὸ. The resonant current Ὅ  

decreases linearly during this interval. Power continues to be delivered to the output until ὸ, at 

which point the resonant current Ὅ  equals the magnetizing current Ὅ . 

State VI ὸ ὸ : 

At ὸ, the resonant current Ὅ  is clamped by the magnetizing current Ὅ . No power is 

transferred from the primary side, and the output load is supplied by the output capacitors. 

State VII ὸ ὸ : 

At ὸ, switches ὗ and ὗ  are turned off, and the primary side enters the dead time for ZVS 

realization. Throughout this interval, the resonant current Ὅ  equals the magnetizing current Ὅ . 
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The output capacitances of ὗ and ὗ  are charged, while those of ὗ  and ὗ  are discharged by the 

magnetizing current. At ὸ (which coincides with ὸ), the output capacitances of ὗ  and ὗ  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 series-connected diodes during most of the operating period. Specifically, two diodes are 

connected in series in VDM, whereas only one diode conducts in VQM. The exception occurs in 

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

introducing additional voltage-drop-related losses. Nevertheless, this interval is very short, as 

indicated by the green shaded regions in Fig. 2.2 and Fig. 2.3. 

 

TABLE 2.1  

COMPARISONS OF THE NUMBER OF DIODE VOLTAGE DROPS 

 

 Proposed FBR VQR 

 VDM        VQM - - 

State I 2ὠ                ὠ - - 

State II -                - - - 

State III 2ὠ                ὠ - - 

State IV 2ὠ                ὠ 2ὠ ὠ 

State V τὠ             2ὠ - - 

State VI -                - - - 

State VII -                - - - 
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TABLE 2.1 summarizes the number of diode voltage drops of the proposed rectifier in 

comparison with the conventional full-bridge rectifier (FBR) and voltage-quadruple rectifier 

(VQR). The diode voltage drop in VDM is comparable to that of the FBR, while the diode voltage 

drop in VQM is comparable to that of the VQR. 

d. Steady State Gain Curve 

The steady-state voltage gain of the proposed converter is controlled by two independent 

duty-cycle variables, Ὀ  and Ὀ , 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 steady-state 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 distinct instants, 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 formulated in (2.23)ï(2.28). 

Solving this equation set together with the normalized gain definition yields the steady-state 

voltage gain characteristics in the voltage doubler mode. The corresponding voltage gain behavior 

in the VQM can be obtained directly by extending the VDM solution, since one rectifier leg 

effectively provides an additional voltage multiplication function. 

The overall derivation procedure is summarized schematically in Fig. 2.4, and the resulting 

normalized gain characteristics, along with the associated duty-cycle of the auxiliary switches, are 

illustrated in Fig. 2.5. 
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ὠὅὶ0 = ὠὅὶ7 2.23  

Ὅὒά0 = Ὅὒὶ0 = Ὅὒὶ7 = Ὅὒά7 2.24  

Ὅὒὶ1 = Ὅὒά1  2.25  

Ὅὒὶ5 = Ὅὒά5 2.26  

Ὅὒὶὸ Ὅὒά ὸ
ὸ1

ὸ0

= Ὅὒά ὸ Ὅὒὶὸ
ὸ4

ὸ3

 2.27  

ὖὭὲ= ὖέόὸ 2.28  

 

Fig.  2.4 Algorithm of deriving the corresponding duty for the gain curve. 
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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 soft-switching to be maintained over the 

entire operating range, the current at turn-off must supply sufficient energy to completely 

discharge the output capacitances of the primary-side switches within the allocated dead-time 

interval. 

It should be noted that the physical mechanisms enabling zero-voltage 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, during the PWM-regulated 

interval, the required charge for ZVS is mainly contributed by the resonant inductor current. This 

 

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

 

 



37 

 

distinction has a direct impact on the resonant tank design requirements under wide-range PWM 

operation. 

As an initial step in the design process, the transformer turns ratio is selected based on the 

minimum required output voltage level. 

ὲ
ὠ

ὠ ȟ
 ςȢςω 

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 

Ὢis intentionally selected to match the series resonant frequency Ὢin order to suppress 

unnecessary circulating energy. Under this operating condition, the voltage applied across the 

transformer primary is equal to the input voltage ὠin. 

ὒ
ὠὸ

ψὪὅ
 ςȢσπ 

The lower bound of the resonant inductance is dictated by the requirement to sustain ZVS 

during the PWM-regulated 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 capacitances of the switches within the dead-time 

period. Second, the polarity of the resonant current must remain unchanged prior to the ZVS turn-

on instant in order to preserve the intended soft-switching behavior. 

 

ὍὒὶὸὨὸ= 2ὗέίί

ὸὨ

0

 (2.31)  

Ὅὒὶὸ3 0, Ὥὲ ὠὈ ὖὡὓ

Ὅὒὶὸ3 0, Ὥὲ ὠὗ ὖὡὓ
 2.32  
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The ὨὭȾὨὸ of the resonant current during State V is determined by 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 worst-case scenario arises from two contributing factors. First, as the duty cycle nears 

0.5, the voltages across ὠ  and the differential voltage ὠ ὠ  are close toward 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 inherent 90-degree 

phase shift between the resonant current and capacitor voltage. 

ὠ
ὠ ὠ ὲὠ ȟ ὠ π Ὥὲ ὠὈὓ

ὠ ὠ ὲὠ ὠ ȟ ὠ π  Ὥὲ ὠὗὓ
 ςȢσσ 

The peak value of the resonant capacitor voltage under the most critical operating condition 

can be obtained through a first harmonic approximation (FHA), as illustrated in Fig. 2.6. 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 same worst-case value in both the VDM 

and the VQM. 

As a consequence, the soft-switching 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 the ZVS condition in the VDMðparticularly when Ὀ  approaches 0.5ðthe ZVS 

condition in the VQM is inherently ensured without additional design modification. 
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“
ὠ ςȢστ 

 

 

The amount of charge available during the dead-time interval of the PWM-regulated cycle 

can be determined by applying the voltïsecond balance principle to the resonant inductor. 

Ὅ ὸὨὸ
ὠ

τὪὒ
ὸ
ὠ ὠ ȟ

ὒ
Ὠὸ ςȢσχ 

The feasible ZVS region with respect to the magnetizing inductance ὒ  and resonant 

inductance ὒ is illustrated in Fig. 2.7 using a 300-kHz, 1-kW prototype with a 400-V input and a 

250-V to 1000-V output range. From this analysis, an upper limit of 140 µH is identified for ὒ to 

ὙὩή=

ừ
Ừ

ứ
8ὲ2

“2
ὙὰέὥὨ,250ὠ, Ὀὗ5 ᴼ0.5

2ὲ2

“2
ὙὰέὥὨ,500ὠ, Ὀὗ6 ᴼ0.5

 2.35  

ὠὅὶ,ὴὯ= Ѝ2
ὤὅὶ

ὤὒὶ+ ὤὅὶ+
ὤὒάὙὩή
ὤὒά + ὙὩή

ὠί,1ίὸ 2.36  

.  

Fig.  2.6 FHA equivalent circuit when duty approaches 0.5. 
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preserve ZVS during the resonant interval, while a lower limit of 12.5 µH is required for ὒ to 

maintain ZVS during the PWM-regulated interval. 

 

Reducing the resonant inductance generally leads to a more compact magnetic design and 

lower magnetic loss. However, this benefit comes at the expense of increased turn-off current in 

the auxiliary switches, as evidenced in Fig. 2.8. Since the turn-off loss rises rapidly with increasing 

current, following an exponential trend as reported in [50], excessively small values of ὒ are 

undesirable from a loss perspective. 

Considering both soft-switching robustness and switching loss trade-offs, a resonant 

inductance of 25 µH and a magnetizing inductance of 100 µH are selected in the final design to 

 

Fig.  2.7 ZVS constraint in terms of ὒ  and ὒ. 
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provide adequate ZVS margin across the entire operating range with the minimum circulating 

energy through the entire gain range and voltage range. 

 
 

2.3 Practical Implementation Considerations and 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 aspects: voltage regulation 

behavior and soft-switching performance. 

A. Impact on Voltage Gain 

In conventional frequency-modulated LLC resonant converters, the output voltage is highly 

sensitive to variations in resonant tank parameters. This sensitivity arises because the voltage gain 

 

Fig.  2.8 ὒ versus turn-off current plot. 
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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 inductance to resonant 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 PWM-controlled LLC resonant converter operates at a fixed 

switching frequency, and the output voltage is regulated through duty-cycle modulation. Since the 

achievable voltage gain is inherently bounded within a finite range from 1.0 to 4.0, the regulation 

mechanism is largely decoupled from the precise resonant frequency. This bounded-gain 

characteristic allows the use of a relatively larger ὒȾὒ 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, zero-voltage-switching relies 

primarily on the magnetizing current, whose magnitude varies with the switching frequency. As a 

result, changes in resonant tank parameters or operating frequency can significantly affect the ZVS 

margin, particularly under light-load or off-resonance conditions. 

By contrast, the proposed PWM-based 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 tank selection, as illustrated in Fig. 2.7 

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 fixed-frequency operation, bounded voltage gain, and tolerance-aware 

resonant tank design, the proposed PWM LLC resonant converter exhibits substantially improved 

robustness compared to conventional frequency-modulated LLC converters when subjected to 

resonant component variations. 

b. Digital controller implementation 

During PWM-regulated operation, the output voltage is adjusted through the voltage across 

the high-side voltage multiplier capacitors, namely ὠ  or ὠ , when the duty cycle lies within 

the range of 0.5 to 1.0. For duty-cycle values below 0.5, the converter no longer performs active 

PWM regulation and instead operates as an LLC DCX. Accordingly, during the PWM interval, 

the output voltage can be represented as a function of an effective duty variable Ὀ , as defined in 

(2.38). 

Ὀ
Ὀ πȢυȟ ὠὈὓ

Ὀ πȢυȟ ὠὗὓ
 ςȢσψ 

 

Although the converter operates in two distinct modesðVDM and VQMðthe 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 associated with the 

corresponding change in the multiplier capacitor voltage, as expressed in (2.39). Based on this 

unified control behavior, a voltage-mode control strategy is adopted. Two identical proportionalï

integral (PI) controllers are assigned to the respective operating modes to ensure smooth transitions 

between VDM and VQM. 

ὠέόὸ+ Ўὠέόὸ=
ὠὧέ3 + Ўὠὧέ3 + ὠὧέ4, ὠὈὓ

2 ὠὧέ1 + Ўὠὧέ1 + ὠὧέ2 , ὠὗὓ
 2.39  
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Fig.  2.9 Voltage loop control block diagram. 

 

Fig.  2.10 Control-to-output frequency response in VDM with Ὀ πȢχυ. 
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When the operating mode transitions from VDM to VQM, the control output associated with 

ὗ  is gradually increased from 0 to 0.5, while the duty cycle of ὗ  is 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 steady-state 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 converter exhibits 

discontinuous-conduction-like operation during the PWM cycle. As a result, the small-signal 

dynamics of the proposed converter resemble those of a conventional PWM converter operating 

in discontinuous conduction mode, leading to a plant that can be approximated by a single 

dominant pole, as shown in Fig. 2.10. This characteristic enables the use of a simple PI 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 primary-side switches, ὗ and ὗ , are controlled 

by the EPWM1A output of the EPWM module and operate at the resonant frequency Ὢ. The 

auxiliary switch ὗ  is driven by EPWM2A, with a short delay introduced with respect to the rising 

edge of EPWM1A. Similarly, ὗ  is controlled by EPWM3A with the same type of delay 

referenced to the rising edge of EPWM1B. 

In VDM, the EPWM3A channel is disabled and only EPWM2A is actively modulated to 

regulate the output voltage. Once the output voltage exceeds 500 V and the duty command of ὗ  

reaches its upper limit, the converter transitions into voltage quadrupler mode, at which point ὗ  

is enabled for PWM regulation. The reverse transition from VQM to VDM is initiated through the 

complementary control sequence. 
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c. Experimental results 

A laboratory prototype rated at 1 kW was constructed to experimentally validate the proposed 

converter. The prototype operates with a 400-V input voltage and supports an output voltage range 

 

Fig.  2.11 Digital control algorithm of the proposed converter. 
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from 250 V to 1000 V. A photograph of the hardware implementation is provided in Fig. 2.12. All 

experimental evaluations were conducted with the output voltage regulated under closed-loop 

voltage control. 

 

 

(a) 

 

(b) 

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

Bottom side. 
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Steady-state 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 Fig. 2.13 (b) represents the most demanding case, which occurs as the duty 

cycle Ὀ  approaches 0.5. Under this condition, the resonant tank experiences the most stringent 

soft-switching requirement. 

 
The measured waveforms demonstrate that ZVS during the resonant interval is maintained 

across the entire output voltage range in VDM. In addition, the smooth rising transition of the 

 

(a)                                                                     (b) 

 

(c)      (d) 

Fig.  2.13 Primary waveforms in VDM under 1kW. (a) ὠ ςυπὠ. (b) ὠ  261V. (c) 

ὠ  375V. (d) ὠ  495V. 
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drainïsource voltage indicates that ZVS is also achieved during the PWM-regulated interval, 

thereby confirming full-range soft-switching operation in this mode. 

Fig. 2.14 presents the measured steady-state 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 that zero-voltage switching is 

consistently maintained during the PWM-regulated interval. 

 

 

(a)                                                                     (b) 

 

(c)      (d) 

Fig.  2.14 Primary waveforms in VQM under 1kW. (a) ὠ φυπὠ. (b) ὠ ψππὠ. (c) 

ὠ ωυπὠ. (d) ὠ ρπππὠ. 
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In addition, the gradual rising transition observed in the drainïsource voltage waveforms 

indicates that soft-switching is also preserved during the resonant interval in VQM operation. 

These results demonstrate that ZVS is achieved in both portions of the switching cycle under high-

voltage operation. 

The measured resonant current waveforms deviate from an ideal sinusoidal shape, which 

reflects the presence of PWM-based regulation. Under ideal resonant operation, the current 

waveform would approach a purely sinusoidal profile at output voltages such as 250 V, 500 V, 

and 1000 V. However, the non-sinusoidal resonant current observed in Fig. 2.14 indicates PWM 

control due to practical tolerances in the resonant tank parameters. 

 

During PWM-regulated operation, a high-frequency oscillation can be observed in the 

resonant current waveform, which originates from the parasitic resonance between the output 

capacitance of switch ὗ  and the resonant inductance ὒ. To further examine the switching 

 

(a)                                                                     (b) 

Fig.  2.15 PWM control switch and secondary current waveforms under 1kW. (a) ὠ

σχυὠ (ὗ  in VDM). (b) ὠ ωυπὠ (ὗ  in VQM). 
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behavior, waveforms of the auxiliary control switches together with the secondary-side current 

were captured at a power level of 1 kW, as shown in Fig. 2.15. 

These measurements confirm zero-voltage turn-on of the auxiliary switches, with ὗ  

achieving ZVS in voltage doubler mode and ὗ  achieving ZVS in voltage quadrupler mode. The 

results verify that soft-switching operation is preserved for the auxiliary devices under full-load 

conditions. 

 

 

(a)                                                                     (b) 

 

(c)                                                                     (d) 

Fig.  2.16 Primary waveforms under 200W. (a) ὠ σχυὠ. (b) ὠ φυπὠ. (c) ὠ

ψππὠ. (d) ὠ ρπππὠ. 



52 

 

To evaluate soft-switching performance at reduced power levels, additional waveforms were 

captured at 200 W across different output voltages, as presented in Fig. 2.16. Under light-load 

operation, zero-voltage 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 LLC resonant converters operating under light-load 

conditions. 

 

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

at an output voltage of 500 V. The measured waveforms presented in Fig. 2.17 illustrate a complete 

 

Fig.  2.17 Seamless mode transitions captured under 500V/1kW condition. 
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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 switch ὗ  remains disabled and does not conduct 

current. When the converter enters VQM, the duty cycle of ὗ  is increased to 50% to activate 

PWM regulation in the higher-voltage mode. Although the drainïsource voltage ὠ ȟ  exhibits a 

pulsating waveform during VDM operation, no current flows through ὗ . This behavior arises 

because ὗ  is alternately clamped by the secondary-side network: it is clamped to ὠ  when diode 

Ὀ  conducts during the positive half cycle, and clamped to ὠ  when diode Ὀ conducts during 

the negative half cycle. 

As a consequence of this clamping action, ὗ  naturally satisfies the zero-voltage-switching 

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, indicating that soft-switching 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 

transitions 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 the initial operating point. 

The measured waveforms, including the output voltage ὠout, primary-side drainïsource voltage 

ὠ , gateïsource voltage ὠ , and load current Ὅload, are shown in Fig. 2.18. 
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During the test, the converter initially operated at a light-load 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 step-up and step-down events, the output voltage remained tightly 

regulated. In addition, the zoomed-in waveforms confirm that zero-voltage-switching 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, 

 

Fig.  2.18 Load transitions capture under 300V output condition. 
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captured using a YOKOGAWA WT5000 power analyzer, is presented in Fig. 2.19. In addition to 

the peak value, the converter maintains consistently high efficiency across the entire output voltage 

range under full-load operation, as illustrated by the efficiency profile in Fig. 2.20. 

 

 

Fig.  2.19 Peak efficiency measured by YOKOGAWA WT5000. 

 

Fig.  2.20 Prototype full-load efficiency comparison (PWM and PFM). 
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To further assess the benefit of PWM-based 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 reconfigured to operate in 

three discrete modes: full-bridge rectification at 250 V, voltage doubler operation at 500 V, and 

voltage quadrupler operation at 1000 V. Under these conditions, the PWM-controlled converter 

exhibits superior efficiency over most of the operating range. 

Although the PFM-based 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 load-dependent efficiency characteristics for both voltage 

doubler mode and voltage quadrupler mode under PWM control are presented in Fig. 2.21. 

 

 

 

(a) 
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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 winding-related 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 diodes connected in series, thereby 

limiting the cumulative forward voltage drop. With respect to semiconductor conduction losses, 

the primary-side switches contribute the largest portion due to their higher on-state resistance 

 

(b) 

Fig.  2.21 Prototype measured efficiency curves. (a) VDM. (b) VQM. 

 

(b) 
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Ὑ ȟ  compared to that of the auxiliary PWM switches ὗ  and ὗ . While the auxiliary switches 

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

loss. 

 

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 ὄ , as well as by the frequency-dependent 

ac resistance Ὑ . These factors introduce an inherent design trade-off between efficiency and 

power density: increasing the switching frequency enables higher power density, whereas reducing 

the switching frequency generally favors higher efficiency. 

 

Fig.  2.22 Loss breakdown under 800 V/1 kW output. 
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Due to the ZVS achieved for all switching devices, switching losses are effectively minimized, 

the turn-off loss as the primary switching-related loss component. 

 

TABLE 2.2 

COMPARISON WITH PREVIOUS PUBLICATIONS 

Topologies [31] [46] [47] [48] Proposed 

Semiconductor 

devices 
24 8 11 8 12 

Rectifier voltage 

stress 
Low Low Low High Low 

Rectifier current 

stress 
Low High Low Low Low 

Magnetic 

components 
3 2 2 2 2 

Input voltage 750 V 220-420 V 390 V 390 V 400 V 

Output voltage 200-700 V 400 V 250-420 V 250-420 V 250-1000 V 

Switching frequency 31-70 kHz 100 kHz 100 kHz 100 kHz 300 kHz 

Modulation PFM PWM PWM PWM PWM 

Normalized PWM 

gain 
- 1.0-2.0 1.0-2.0 1.0-2.0 1.0-4.0 

Gain range 1.0-3.5 1.0-2.0 1.0-2.0 1.0-2.0 1.0-4.0 

ZVS Yes No Yes Yes Yes 

Power 3.5 kW 1 kW 1.3 kW 1 kW 1 kW 

Full-load efficiency 
93.8%-

96.8% 

89.0%-

94.1% 

92.5%-

93.9% 

94.7%-

96.7% 

96.9%-

97.69% 
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A comparison between the proposed converter and previously reported wide-range LLC-

based converters is provided in TABLE 2.2, highlighting differences in operating characteristics 

and efficiency performance. When operated strictly under pulse-width modulation, the proposed 

topology demonstrates both the highest efficiency at full load and the broadest achievable output 

voltage range among the compared designs. 

Some prior solutions achieve higher peak efficiency by incorporating hybrid modulation 

schemes, such as combining PWM with pulse-frequency modulation and employing synchronous 

rectification on the secondary side. For example, the converter reported in [49] attains a slightly 

higher peak efficiency; however, its effective PWM-controlled 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-

voltage-switching operation and while maintaining consistently high efficiency across the entire 

output voltage span. 

2.4  Summary 

This chapter proposes an ultra-wide-range PWM-controlled 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 wider output voltage 

range. At the same time, ZVS turn-on is maintained for all switches, and smooth transition between 

the two modes is realized. A time-domain optimization approach is also developed to reduce the 

circulating energy over the extended gain range. The experimental 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 of 1.0ï4.0, the normalized PWM 

gain can potentially be further expanded to 0.5ï4.0 by incorporating the topology-morphing 

technique reported in [51], [52], where the primary-side switching circuit is reconfigured between 

full -bridge and half-bridge operation.  
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Chapter3 

LLC-T Resonant Converter with Reduced 

Circulating Energy 

Chapter 2 demonstrates that the circulating energy of a conventional LLC resonant converter 

can be effectively mitigated through PWM-based control strategies, thereby improving efficiency 

over a wide output voltage range. However, these improvements are achieved at the expense of 

increased diode count, asymmetric resonant current, and additional switching loss associated with 

duty-cycle modulation. Moreover, although the PWM-controlled resonant converter is capable of 

covering the majority of electric vehicle battery classes, it remains unable to satisfy the 50 Vï1 

kV output voltage range requirement using a pure PWM control strategy. Extending the voltage 

range therefore inevitably requires hybrid control techniques, such as introducing PFM, which still 

suffers from the circulating energy in the conventional PFM operating region. 

To suppress circulating energy while preserving soft-switching operation and maintaining 

simple PFM control, it becomes necessary to move beyond control-level optimization and 

reconsider the converter topology itself. This chapter therefore investigates a topology solution 

that inherently limits internal energy circulation within the resonant tank. By introducing an 

auxiliary transformer in parallel with the resonant tank on the primary, the proposed LLC-T 

resonant converter naturally achieves wide output voltage regulation within a narrow switching 

frequency range, while simultaneously reducing circulating energy and voltage stress on the 

resonant capacitors. 



63 

 

 

3.1 Derivation of the LLC -T Resonant Converter Topology 

The proposed LLC-T 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 using a voltage-divider 

perspective, where the LïC 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 impedance of the resonant tank through pulse-frequency 

modulation (PFM). 

Because the resonant tank is followed by a parallel loadïmagnetizing 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 or a relatively 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. 

ὲὠ
ȿὤ ȿȿὙ ȿ

ȿὤ ȿȿὙ ὤ ὤ ȿ
ὠ ὠ Ὅὤ ὤ σȢρ 

Alternatively, wide voltage gain characteristics may also be achieved by increasing the 

resonant current level. As shown in the Fig. 3.1(a). By introducing an additional controlled current 

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. 

ὲὠ ὠ Ὅ Ὅ ὤ ὤ σȢς 

To further extend the output voltage, a controlled voltage source (ὠ ȟ ) with the conversion 

ratio of n) is placed on the secondary side. 
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ὲὠ ὠ Ὅ Ὅ ὤ ὤ ὠ ȟ σȢσ 

The controlled sources can be replayed by an inverse-coupled auxiliary transformer, which is 

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 shown in Fig. 3.1(b). 

The primary full-bridge inverter operates with complementary gate signals at a fixed 50% duty 

cycle and includes dead time, consistent with conventional LLC operation. 

 

(a) 

 

(b) 

 

Fig.  3.1 (a) Equivalent Circuit to extend the output voltage range from conventional LLC 

resonant converter. (b) Derived LLC-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 voltage ὠ  is equal to the sum of the main transformer voltage ὠ  and the 

resonant tank voltage ὠ , as expressed in (3.4). In a conventional LLC converter, the output 

voltage ὠ ȟ  is determined by the reflected main transformer voltage according to the 

transformer turns ratio, as given in (3.5). In the proposed LLC-T 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 expressed in (3.6). 

ὠ ὠ ὠ  σȢτ 

 

 
In addition to introducing a reflected voltage component, the auxiliary transformer establishes 

an additional current path for the LïC 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 overall primary resonant current. As a result, the circulating 

current is largely confined within the LïC resonant tank, and the circulating energy becomes 

effectively decoupled from the magnetizing inductance. 

ὠέόὸ,ὒὒὅ=
ὠὥὦ ὠὸὥὲὯ

ὲ
 3.5  

ὠέόὸ,ὒὒὅ_Ὕ=
ὠὥὦ 2ὠὸὥὲὯ

ὲ
 3.6  
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A conventional LLC resonant converter can obtain a comparable switching frequency range 

through optimized resonant tank parameter selection. However, this typically requires a reduced 

magnetizing inductance, which leads to higher conduction losses in the primary full-bridge 

switches, as illustrated in Fig. 3.2. In addition, a lower inductance ratio increases the voltage stress 

across the resonant capacitors, thereby imposing more design constraints on the resonant 

components. 

 

(a) 

 

(b) 

Fig.  3.2 Circulating current path. (a) Proposed LLC-T resonant converter topology. (b) 

Conventional LLC resonant converter. 
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As a result, the LLC-T 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 the auxiliary transformer, which inherently mitigates the circulating energy and 

reduces component stress without relying on the magnetizing inductance selection. 

 

3.2 Operating Principles and Time-Domain Analysis of 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 LLC-T topology using the voltage relationship in (3.6), a noticeable 

discrepancy arises between the analytically derived gain curve and simulation results as the 

operating frequency deviates from the resonant frequency Ὢ, as illustrated in Fig. 3.3. 

This mismatch originates from the fundamental waveform characteristics of the LLC-T 

converter. Owing to the phase-shifted voltage components introduced by the auxiliary transformer, 

the waveforms of ὠ  and ὠ  exhibit three-level behavior rather than the two-level waveforms 

assumed in FHA, as shown in Fig. 3.5 and Fig. 3.6. As a result, the harmonic content and effective 

voltage contributions cannot be accurately captured by a first-harmonic representation. 

The resulting inaccuracy significantly complicates resonant tank design when FHA is 

employed. Therefore, a time-domain analysis (TDA) is required to accurately characterize the 

operating behavior and voltage gain characteristics of the proposed LLC-T resonant converter. 
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a. At resonant frequency (Ὢ Ὢ) 

The operating behavior of the LLC-T resonant converter at the resonant frequency is 

consistent with that of a conventional LLC converter as shown in Fig. 3.4, 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 subsequent TDA focuses on operating conditions away from resonance, specifically in the 

ñabove-resonantò and ñbelow-resonantò frequency 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. 

 

Fig.  3.3 LLC-T gain curve mismatch between simulation and FHA. 
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2. The leakage inductance of transformer Ὕ  is ignored, as it is much smaller than the series 

resonant inductance ὒ. 

3. The leakage inductance of transformer Ὕ  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 the dead-time 

interval. 

 

 

Fig.  3.4 Typical LLC-T steady-state waveforms with ñat resonantò operation. 
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b. Above resonant frequency (Ὢ Ὢ) 

When operating above the resonant frequency, the voltage gain of the LLC-T resonant 

converter remains below unity. Under this condition, the converter operates in continuous 

conduction mode within the inductive region, where the resonant current lags the applied voltage. 

This lagging current ensures that ZVS is maintained for the primary-side switches. The steady-

state operating principle for this region is illustrated in Fig. 3.5. At the initial time instant ὸ, the 

voltages across the main transformer and the resonant tank can be determined using Kirchhoffôs 

Voltage Law (KVL). 

ὠ ȟ

ὠ ὲὠ

ς
σȢχ 

 

Fig.  3.5 Typical LLC-T steady-state waveforms with ñabove resonantò operation. 
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ὠ ȟ

ὠ ὲὠ

ς
σȢψ 

 

State I (ὸïὸ):  

At time instant ὸ, switches ὗ and ὗ  are turned on under zero-voltage-switching conditions. 

During this interval, the resonant current Ὅ flows in the negative direction, while the voltage 

across the main transformer ὠ  remains positive. Diodes Ὀ  and Ὀ  are forward biased and 

conduct the resonant current, allowing power to be delivered to the output side throughout this 

state. The interval ends at ὸ, when the resonant current decreases to the level of the magnetizing 

current. The state equations governing this interval are given in (3.9)ï(3.12). 

 

 

 
State II (ὸïὸ):  

During this interval, switches ὗ and ὗ  remain in the on-state. The voltage polarities of ὠ  

and ὠ  are reversed compared to those in State I. In this state, diodes Ὀ and Ὀ  become forward 

biased and conduct the resonant current, while the magnitude of ὠ  exceeds that of ὠ . This 

ὠὅὶὸ ὸ0 = ὒὶ‫ὶὍὒὶ,ὸ0 sin ‫ὶ(ὸ ὸ0) +
1

2
[ὠὭὲ+ ὲὠέόὸ

 + 2ὠὧὶ,ὸ0 ὠὭὲ ὲὠέόὸ cos‫ὶ(ὸ ὸ0) ] 3.9
 

Ὅὒὶὸ ὸ0 = ὒὶ‫ὶ
2ὠὅὶ,ὸ0 + ὠὭὲ+ ὲὠέόὸ

2
sin ‫ὶ(ὸ ὸ0) + Ὅὒὶ,ὸ0 cos‫ὶὸ ὸ0  3.10  

Ὅὒά1 ὸ ὸ0 = Ὅὒά1,ὸ0 +
ὠὭὲ ὲὠέόὸ

2ὒά1
ὸ ὸ0 (3.11)  

Ὅὒά2 ὸ ὸ0 = Ὅὒά2,ὸ0

ὠὭὲ+ ὲὠέόὸ
2ὒά2

ὸ ὸ0 (3.12)  
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state concludes at time instant ὸ, when switches ὗ and ὗ  are turned off. The corresponding state 

equations are given in (3.13)ï(3.16). 

 

 

 
State III (ὸïὸ):  

During this interval, all primary-side switches are turned off, corresponding to the dead-time 

period. The voltages across the main transformer ὠ  and the resonant tank ὠ  transition 

toward their negative values in preparation for the subsequent switching half-cycle. By the end of 

this interval, the output capacitances of switches ὗ  and ὗ  are fully discharged, enabling zero-

voltage turn-on 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 

at ὸ are equal to those at ὸ, with opposite polarities. In addition, the secondary current reverses 

its direction at time instant ὸ, 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 under steady-state operation. 

Based on these conditions, the voltage gain of the converter operating in the above-resonant region 

can be derived using the relationships given in (3.17)ï(3.22). 

ὠὅὶὸ ὸ1 = ὒὶ‫ὶὍὒὶ,ὸ1 sin ‫ὶ(ὸ ὸ1) +
1

2
[ὠὭὲ ὲὠέόὸ

+ 2ὠὧὶ,ὸ1 ὠὭὲ+ ὲὠέόὸ cos‫ὶὸ ὸ1 ] 3.13
 

Ὅὒὶὸ ὸ1 = ὒὶ‫ὶ
2ὠὅὶ,ὸ1 + ὠὭὲ ὲὠέόὸ

2
sin ‫ὶ(ὸ ὸ1) + Ὅὒὶ,ὸ1 cos‫ὶὸ ὸ1         3.14  

Ὅὒά1 ὸ ὸ1 = Ὅὒά1,ὸ1 +
ὠὭὲ+ ὲὠέόὸ

2ὒά1
ὸ ὸ1 (3.15)  

Ὅὒά2 ὸ ὸ1 = Ὅὒά2,ὸ1

ὠὭὲ ὲὠέόὸ
2ὒά2

ὸ ὸ1 (3.16)  
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c.  Below resonant frequency (Ὢ Ὢ) 

When operating below the resonant frequency, the voltage gain of the LLC-T resonant 

converter exceeds unity. Under this condition, the converter operates in discontinuous conduction 

mode and may reside in either the inductive or capacitive region depending on the load level. In 

the capacitive region, ZVS is lost due to the presence of leading current. Because the TDA relies 

on the detailed operating states, the below-resonant operation can be classified into four 

representative waveform patterns corresponding to different load conditions, as illustrated in 

Fig.3.6. 

Under light-load and medium-load conditions, the resonant current is clamped by the 

magnetizing current, as shown in Fig. 3.6 (a) and Fig. 3.6 (b). In the heavy-load 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 

ὠὅὶὸ0 = ὠὅὶὸ2 = ὠὅὶὸ3 (3.17)  

Ὅὒὶὸ0 = Ὅὒὶὸ2 = Ὅὒὶὸ3 3.18  

Ὅὒά1 ὸ0 = Ὅὒά1 ὸ2 = Ὅὒά1 ὸ3 (3.19)  

Ὅὒά2 ὸ0 = Ὅὒά2 ὸ2 = Ὅὒά2 ὸ3 (3.20)  

Ὅὒὶὸ1 = Ὅὒά1 ὸ1 + Ὅὒά2 ὸ1 (3.21)  

ὖὭὲ= ὖέόὸ (3.22)  
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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 shown in Fig. 3.6 (d), 

resulting in the loss of ZVS. Therefore, operation in the overload region should be avoided. 

 

 

(a)                                                                 (b) 

 

(c)                                                                 (d) 

Fig.  3.6ñBelow resonant frequencyò waveforms under different load conditions. (a) Light 

load. (b) Medium load. (c) Heavy load. (d) Overload. 
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Based on these observations, the TDA of the light-load, medium-load, and heavy-load 

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 medium-load 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 operation of the converter, only 

half of the switching cycle is considered in the time-domain analysis. 

State I (ὸïὸ):  

At time instant ὸ, switches ὗ  and ὗ  are turned on under ZVS conditions. During this 

interval, the resonant current Ὅ flows in the negative direction, while the voltage across the main 

transformer ὠ  remains positive. Diodes Ὀ and Ὀ  are forward biased and conduct the resonant 

current, allowing power to be transferred to the output side throughout this state. This interval ends 

at ὸ, when the resonant current decreases to the level of the magnetizing current. The 

corresponding state equations are given in (3.23)ï(3.27). 

 

 

Ὧ= 1 +
ὒά1

ὒά2
 3.23  

Ὅὒὶ,ὸ1 =

ὸ2 ὸ1 ὠὭὲ 1
ὒά1

ὒά2
+ Ὧὲὠέόὸ

+ὒά1ὒὶ‫ὶ 2ὠὧὶ,ὸ1 ὠὭὲ+ ὲὠέόὸsin ‫ὶὸ ὸ1

2ὒά1 1 + cos‫ὶὸ ὸ1
 (3.24)
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State II (ὸïὸ):  

During this interval, switches ὗ  and ὗ  remain in the on-state. The resonant current is 

clamped by the magnetizing current throughout this state. This interval concludes at time instant 

ὸ, when switches ὗ and ὗ  are turned off. The corresponding state equations are given in (3.28)ï

(3.32). 

 

ὠὅὶὸ ὸ1 = Ὅὒὶ,ὸ1ὒὶ‫ὶsin ‫ὶ(ὸ ὸ1) +
1

2
[ὠὭὲ ὲὠέόὸ 

+ 2ὠὧὶ,ὸ1 ὠὭὲ+ ὲὠέόὸ cos‫ὶ(ὸ ὸ1) ] 3.25
 

Ὅὒὶὸ ὸ1 = ὒὶ‫ὶ
2ὠὅὶ,ὸ1 + ὠὭὲ ὲὠέόὸ

2
sin ‫ὶ(ὸ ὸ1) + Ὅὒὶ,ὸ1 cos‫ὶὸ ὸ1  3.26  

Ὅὒά1 ὸ ὸ1 = Ὅὒά1,ὸ1 +
ὠὭὲ+ ὲὠέόὸ

2ὒά1
ὸ ὸ1 (3.27)  

ὃ=
Ὧ

ὅὶὒά1 + Ὧὒὶ
, ὄ= ὅὶὒά1 + Ὧὒὶ (3.28)  

ὒὩή=  ЍὯ(ὒά1 + Ὧὒὶ) 3.29  

ὠὅὶὸ ὸ2 =
Ѝ Ὧὄ

Ὧὅὶ
Ὅὒὶ,ὸ2 sinh ὃὸ ὸ2 +

1

Ὧὅὶ
[ὅὶὠὭὲ

+ὅὶὯὠὅὶ,ὸ2 ὠὭὲ coshὃὸ ὸ2 ] 3.30

 

Ὅὒὶὸ ὸ2 =
Ὡὃὸὸ2

2ὒὩή

1 + Ὡ2ὃὸὸ2 ὒὩήὍὒὶ,ὸ2

1 + Ὡ2ὃὸὸ2 Ѝ ὄὯὠὅὶ,ὸ2 ὠὭὲ
 3.31  
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State III (ὸïὸ):  

During this interval, all primary-side switches are turned off, corresponding to the dead-time 

period. The voltages across the main transformer ὠ  and the resonant tank ὠ  transition 

toward their opposite clamped values in preparation for the negative half-cycle. By the end of this 

interval, the output capacitances of switches ὗ  and ὗ  are fully discharged, enabling zero-voltage 

turn-on 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 medium-load condition, the light-load 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 maintained, with the ZVS condition 

primarily determined by the magnetizing current. 

State IV (ὸïὸ):  

At time instant ὸ, switches ὗ  and ὗ  are turned on under ZVS conditions. During this 

interval, the resonant current Ὅ is clamped by the magnetizing current until time instant ὸ. At ὸ, 

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 II by updating the initial conditions at 

ὸ and applying a negative polarity to the input voltage ὠ . 

3) Heavy Load Condition 

Ὅὒά1 ὸ ὸ2 = Ὅὒά1,ὸ2

Ὅὒὶ,ὸ2
Ὧ

+
Ὅὒὶ,ὸ2
Ὧ

coshὃὸ ὸ2 +
1 + Ὧὒά2 + Ὧὒὶ

ЍὯὒά2ὒὩή
ὠὭὲ(ὸ ὸ2)

+
ὅὶὯὠὧὶ,ὸ2 ὠὭὲ

Ѝ Ὧ3ὄ
sinh ὃὸ ὸ2 3.32
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Under heavy-load operation, an additional transformer voltage clamping stage, denoted as 

State II(b), appears when the transformer voltages reach the levels defined in (3.7) and (3.8) at the 

end of State II. 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 from the inductive operating region toward the 

capacitive region. 

State II(b) (ὸïὸ ):  

During this interval, switches ὗ  and ὗ  remain in the on-state. The transformer voltages 

ὠ  and ὠ  reach the levels defined in (3.7) and (3.8), 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 in the loss of ZVS conditions. The state equations for this interval are obtained 

using the same formulation as in (3.9) ï (3.12), with the initial conditions replaced by those at time 

instant ὸ. 

The boundary relationships defined in (3.17)ï(3.22) remain applicable to the below-resonant 

operating region. By combining these relationships with the state equations in (3.17)ï(3.32), the 

voltage boost gain under below-resonant operation can be derived. 

3.3 Design Methodology of the LLC-T Resonant Converter 

a. LLC-T converter voltage gain 

The time-domain-based voltage gain derivation procedure is summarized in Fig. 3.7. In the 

above-resonant 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 below-resonant region requires four distinct analytical models, the 
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voltage gain can still be accurately determined by identifying the phase-shifted 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 the light-load condition. If no 

physically valid solution is obtained from a given time-domain model, 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. 

 

 

Fig.  3.7 Voltage gain derivation procedure. 
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The resulting voltage gain curves derived from the time-domain analysis are presented in Fig. 

3.8. Compared with a conventional LLC resonant converter employing the same resonant tank 

parameters, the proposed LLC-T converter exhibits a significantly reduced switching frequency 

range while maintaining a wide output voltage regulation capability. Furthermore, the analytically 

derived voltage gain curves show excellent agreement with simulation results, validating the 

accuracy of the proposed time-domain modeling approach. 

 

 
b. LLC-T Converter Design Methodology 

A design methodology is developed for a 400 V input, 250 Vï450 V output, 3 A prototype 

intended for a typical plug-in hybrid EV charger application. The charging profile shown in Fig. 

3.9 is adopted as the design reference. Specifically, a constant-current (CC) charging mode at 3 A 

 

Fig.  3.8 Derived LLC-T gain curves (derivation and simulation) and LLC gain curve. 
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is applied from 250 V up to 450 V, after which the operation transitions to constant-voltage (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 frequency is constrained by the 450 V 

/ 3 A CV charging condition. 

The TDA 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 LLC-T topology, a relatively high resonant frequency of 500 kHz is 

selected. Operating at this elevated frequency also helps alleviate the potential increase in 

converter volume introduced by the additional auxiliary transformer Ὕ . 

 

 

Fig.  3.9 Typical EV battery charging 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 defined in (3.33). 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 

resonant inductance in shaping the voltage gain characteristics of the converter. 

ὲ
ὠ

ὠ
 σȢσσ 

The magnetizing inductance of the main transformer is determined based on the worst-case 

ZVS condition. When the operating point deviates from the resonant frequency, the phase shift 

between voltage and current results in multiple voltage levels appearing across the main 

transformer, as illustrated in Fig. 3.5 and 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 achievable phase shift is limited to 90°, 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, given by ὠ ὲὠ Ⱦς. This voltage magnitude decreases as the 

output voltage ὠ  is reduced. Therefore, the root-mean-square (rms) voltage across the main 

transformer reaches its minimum value at the lowest output voltage condition. Under this operating 

point, the voltïsecond applied to the transformer is minimized while the switching frequency is 

maximized. 

Accordingly, the worst-case 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 using (3.34), which accounts for the specified dead time ὸ, the output charge of 

the switching devices ὗ , and the maximum switching frequency Ὢȟ . 

ὒ
ὲὠ ȟ

ψὗ Ὢȟ
ὸ σȢστ 

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 ratios ὒ Ⱦὒ  are illustrated in Fig. 3.10 

over an extended normalized frequency range Ὢ πȢςȟσȢπ . 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. 

 

 

Fig.  3.10 Impact of introduced resonant frequency with different ὒ Ⱦὒ . 
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As the magnetizing inductance ratio ὒ Ⱦὒ  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 transformer Ὕ  in order to limit its magnetizing 

current, since this transformer does not directly contribute to the ZVS condition. In addition, a 

larger value of ὒ  effectively reduces the voltage drop across the leakage inductance of Ὕ , 

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 transformer, i.e., ὒ ḻὒ . 

ὒ ρπὒ ḻὒ  σȢσσ 

 

 

Fig.  3.11 LLC-T gain curve with different inductance ratio ὒ. 
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The inductance ratio ὒ, defined as the ratio of the magnetizing inductance ὒ to the resonant 

inductance ὒ, is selected by sweeping the voltage gain characteristics, as shown in Fig. 3.11. A 

larger value of ὒ  results in a higher achievable boost gain, whereas a smaller ὒ  leads to an 

increased buck gain. From a practical design perspective, a relatively small resonant inductance 

ὒ 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 ratio of ὒ υ 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 presented in Fig. 3.12 

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 250 V / 3 A and 450 V / 3 A. 

The voltïsecond stresses of the transformers over the entire output voltage range are 

illustrated in Fig. 3.13. Based on the maximum voltïsecond 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 fraction of the total 

voltage, resulting in a maximum voltïsecond that is approximately one quarter of that of the main 

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

 

Fig.  3.13 Volt-sec on the transformers in the LLC-T resonant converter. 
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Owing to this reduced voltïsecond requirement, a smaller PQ26/20 ferrite core is selected for 

the auxiliary transformer in order to minimize its volume. In addition, an 8-turn primary winding 

is chosen to reduce winding losses while satisfying the magnetic design constraints. The 

corresponding flux density variations of both transformers across the entire output voltage range 

are shown in Fig. 3.14. Compared with the main transformer, the auxiliary transformer exhibits a 

lower peak flux density at the 450 V / 3 A operating point, indicating that its core loss contribution 

remains minimal. 

 
3.4 Comparison with Classical Resonant Topologies 

a. Gain range comparison 

 

Fig.  3.14 Flux density on the designed transformers in the LLC-T resonant converter. 
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The proposed LLC-T 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 consistent comparison, 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 primary-side 

resonant tank is kept identical, while the secondary-side resonant tank is designed according to the 

transformer turns ratio. The notch-type LCLCL resonant converter is designed following the 

methodology presented in [38], using the same series resonant inductance. The detailed design 

parameters of all compared topologies are summarized in TABLE 3.1. 

 

TABLE 3.1 

PARAMETERS OF THE OTHER RESONANT CONVERTER AND LLC-T CONVERTER  

Parameters LLC CLLC LCLCL Proposed 

Resonant Frequency Ὢ 500 kHz 500 kHz 500 kHz 500 kHz 

Transformer turns 8/7 8/7 8/7 8/7 

Magnetizing inductance ὒ  35 H 35 H 35 H 35 H 

Magnetizing inductance ὒ   -  500 H 

Series resonant tank 

7 H 

14.1 nF 

7 H 

14.1 nF 

7 H 

8.9 nF 

7 H 

14.1 nF 

Additional resonant tank - 

5.4 H 

18.4 nF 

3.8 H 

6.7 nF 

- 
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The voltage gain characteristics of the compared resonant converters are shown in Fig. 3.15. 

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 above-resonant region, while its gain characteristics in the below-resonant 

region remain comparable to those of the conventional LLC converter. The LCLCL topology 

further extends the voltage gain over the entire operating range. By contrast, the proposed LLC-T 

resonant converter achieves a voltage gain in the below-resonant region comparable to that of the 

LCLCL topology, while providing the widest voltage gain range in the above-resonant region. In 

addition, the proposed LLC-T topology eliminates the need for additional resonant capacitors 

required by both the CLLC and LCLCL converters. 

 

 

Fig.  3.15 Gain 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 notch-type resonant converters. Therefore, a more detailed 

comparison is subsequently conducted between the proposed LLC-T topology 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 in the primary full-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 LLC-T topology and 

the conventional LLC resonant converter, several key design criteria are maintained at comparable 

levels. First, the resonant frequency is kept identical for both converters. Second, 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 different topologies is generally not feasible. 

Based on these criteria, multiple resonant tank configurations for the conventional LLC 

converter are designed and summarized in TABLE 3.2 for 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 small magnetizing inductance in combination with a reduced resonant 

inductance. As a result, the proposed LLC-T converter and 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. 

 

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 

TABLE 3.2 

PARAMETERS OF CONVENTIONAL LLC RESONANT CONVERTER AND LLC-T CONVERTER  

Parameters 

LLC Case 

I 

LLC Case 

II  

LLC Case 

III  

Proposed 

LLC-T 

Input voltage ὠ  400 V 400 V 400 V 400 V 

Output voltage ὠ  

250V-450 

V 

250V-450 

V 

250V-450 

V 

250V-450 V 

Constant Current Ὅ  3 A 3 A 3 A 3 A 

Resonant Frequency Ὢ 500 kHz 500 kHz 500 kHz 500 kHz 

Main transformer turns 8/7 8/7 8/7 8/7 

Magnetizing inductance ὒ  30 H 20 H 10 H 35 H 

Magnetizing inductance ὒ   -  500 H 

Resonant inductance ὒ 21 H 14 H 7 H 7 H 

Resonant capacitor ὅ 4.7 nF 7.1 nF 14.1 nF 14.1 nF 

Auxiliary transformer turns - - - 8/7 

Maximum Normalized Frequency 

Ὢȟ  
1.23 1.29 1.35 1.29 
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can be directly evaluated, as shown in Fig. 3.16. Owing to the presence of the inverse-coupled 

auxiliary transformer, the voltage variation across the main transformer in the proposed LLC-T 

converter is significantly reduced. As a result, a larger magnetizing inductance is sufficient to 

maintain ZVS operation, 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 in Fig. 3.17. Among the 

three compared cases, the conventional LLC converter with Case I design exhibits the lowest 

resonant current at the resonant frequency. However, as the operating point moves away from 

resonance, the resonant current in the proposed LLC-T converter is further reduced by up to 20% 

compared with the conventional LLC converter. This reduction directly reflects the effectiveness 

of the LLC-T topology in suppressing circulating energy over a wide operating range. 

 

 

Fig.  3.16 Required maximum magnetizing inductance on LLC-T and LLC converters. 
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The voltage stress across the resonant capacitors under different operating conditions is 

illustrated in Fig. 3.18, where the stress level is affected by both the inductance ratio and the output 

power. Among the conventional LLC designs, Case III exhibits the lowest capacitor voltage stress 

at the 250 V / 3 A operating point. However, as the output voltage increases to 450 V / 3 A, the 

capacitor voltage stress converges to a similar level for all three conventional LLC cases. By 

contrast, the proposed LLC-T 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 the LLC-T topology. 

 

Fig.  3.17 Resonant current on LLC-T and LLC converters 
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In addition, the flux linkage of the resonant inductor is shown in Fig. 3.19. The results indicate 

that the LLC-T 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 proposed LLC-T resonant converter achieves a 

narrow switching frequency range without introducing additional losses or increased voltage stress, 

while maintaining favorable power density. Among the conventional LLC resonant converter 

designs, Case I 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 LLC-T resonant converter is experimentally compared with the conventional LLC 

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

 

Fig.  3.18 Voltage stress across resonant capacitors on LLC-T and LLC converters. 

 

 














































































































