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In the contemporary landscape of power electronics, the LLC resonant converter has emerged as the gold
standard for high-efficiency DC-DC conversion. As industries transition toward more demanding energy
requirements—ranging from New Energy Vehicles (NEVS) to high-performance server power supplies—the need

for power converters that can handle a wide output voltage range without sacrificing peak efficiency has become
a critical engineering challenge. Traditional LLC converters, while highly efficient at a fixed operating point, often
struggle when required to maintain Zero Voltage Switching (ZVS) and Zero Current Switching (ZCS)across
varying load and voltage conditions. This technical analysis explores the evolution of LLC topologies, novel design
methodologies, and the implementation of reconfigurable resonant tanks to meet these modern demands.

The Theoretical Framework of LLC Resonant Topologies

The LLC resonant converter is a member of the resonant converter family, characterized by a resonant tank
consisting of two inductors (the resonant inductor Lr and the magnetizing inductor Lm) and one capacitor (the
resonant capacitor Cr). Unlike its predecessors, such as the LC series or parallel resonant converters, the LLC
topology offers the unique advantage of operating efficiently under no-load conditions and providing high gain
during heavy-load scenarios.

Key Operational Mechanics

The operation of an LLC converter is governed by two distinct resonant frequencies. The first, and primary,
resonant frequency is defined by Lr and Cr:

«frl=1/(2%< ¢1¢,C" ¢ 7"

The second, lower resonant frequency occurs when the magnetizing inductance Lmenters the resonance, typically
defined as:

e fr2=1/(2*< ¢1¢,,C"2/EOQ ¢ 7"

The converter typically operates between these two frequencies. When the switching frequency fs equals frl, the
tank impedance is at its minimum, and the converter achieves its peak efficiency. However, in applications requiring
a wide output voltage range, the controller must adjust fsover a broad spectrum, which can lead to increased
circulating currents and a loss of soft-switching capabilities.

Challenges in Wide Output Voltage Design

Designing an LLC converter for a wide output range (e.g., a battery charger that must handle 200V to 500V
outputs) introduces several technical hurdles. The most prominent issue is the voltage gain characteristic. To
achieve a high voltage gain, the ratio between the magnetizing inductance and the resonant inductance (k = Lm/Lr)
must be kept low. However, a low k-ratioincreases the magnetizing current, which leads to higher conduction
losses in the primary-side MOSFETSs and the transformer windings.

The Frequency Limitation Problem



In traditional Pulse Frequency Modulation (PFM) control, the switching frequency must increase significantly to
lower the output voltage. High switching frequencies lead to:

1. Increased Switching Losses: Even with ZVS, parasitic capacitances and gate drive losses become dominant
at megahertz frequencies.

2. Magnetic Core Losses: The transformer core experiences higher hysteresis and eddy current losses as
frequency rises.

3. EMI Challenges: A wide frequency spectrum makes the design of Electromagnetic Interference (EMI) filters
more complex and bulky.

Novel Architectures for Enhanced Flexibility

To overcome the limitations of the standard LLC topology, researchers have proposed several novel designs that
incorporate reconfigurable elements or auxiliary circuits. These designs aim to keep the operating frequency close
to fr1 while still achieving high gain or wide output variation.

1. Configurable Resonant Tanks

One of the most effective methods for extending the output range is the use of configurable capacitors. By using
auxiliary switches (typically low-voltage MOSFETS or relays) to add or remove capacitors from the resonant tank,
the resonant frequency frican be shifted dynamically. This allows the converter to operate in multiple "modes,"
each optimized for a specific segment of the output voltage range.

2. Dual Secondary Resonant Converters

A novel approach involves a configurable dual secondary structure. In this setup, the transformer has two sets of
secondary windings that can be connected in series for high-voltage output or in parallel for high-current output.
This effectively changes the transformer's turns ratio (n) on the fly, allowing the resonant tank to operate near its
peak efficiency point regardless of the target output voltage.

3. Multi-Stage LLC Topologies

For extreme ranges, a multi-stage LLC resonant converter may be employed. This involves cascading a buck or
boost pre-regulator with a fixed-frequency LLC DC transformer (DCX). While this increases component count, it
decouples the voltage regulation task from the resonant stage, ensuring the LLC stage always operates at its
maximum efficiency point.

Comparative Analysis of Resonant Topologies

The following table provides a technical comparison between the standard LLC, the LCC resonant converter, and
the novel reconfigurable LLC designs discussed in recent technical studies.



Metric Standard LLC LCC Converter Novel Reconfigurable

LLC
Efficiency at Resonant Very High (>97%) High (95-96%) Very High (>97%)
Point
Voltage Regulation Range Narrow to Moderate Wide Very Wide
Control Complexity Low (PFM) Moderate High (Adaptive)
Component Count Minimum Moderate High (Auxiliary Switches)
Primary Side Switching ZVS Only ZVS/ZCS Optimized ZVS
Best Application Fixed Output SMPS Wide Range Load EV Chargers / NEV

Precise Design Methodology: Time-Domain Analysis

Traditional design methods for LLC converters rely on First Harmonic Approximation (FHA). While FHA is

simple, it often lacks accuracy when the converter operates far from the resonant frequency—precisely where wide-
output converters spend much of their time. For a novel precise design, engineers are now shifting toward Time-
Domain Analysis (TDA).

Mathematical Modeling via TDA

TDA involves solving the differential equations of the resonant tank for each switching sub-interval. This method
accounts for the non-sinusoidal nature of the currents and voltages. By defining the state-space equations for the
resonant capacitor voltage (vCr) and resonant inductor current (iLr), designers can accurately predict the peak
stresses on components and the exact boundaries of the ZVS region. This precision is vital for minimizing the size
of the magnetizing inductance (Lm) while ensuring the MOSFETSs always turn on under zero voltage conditions.

Practical Implementation and Field Guide

When implementing a wide-output LLC converter, several practical considerations must be addressed to ensure
reliability and performance in real-world environments.

Component Selection Strategies

¢ Power MOSFETSs: Select switches with low output capacitance (Coss) to facilitate ZVS at higher frequencies.
Silicon Carbide (SiC) or Gallium Nitride (GaN) devices are preferred for wide-range designs due to their superior
switching characteristics.

¢ Resonant Capacitor: Use COG/NPO ceramic capacitors or high-quality film capacitors with low Dissipation
Factor (DF) to handle the high ripple currents within the resonant tank.

« Transformer Design: The transformer must be designed with low leakage inductance (unless the leakage is
used as the resonant inductor Lr) and specialized winding techniques (like Litz wire) to mitigate the skin and
proximity effects at high frequencies.

Advanced Control Patterns

Beyond simple PFM, modern wide-output converters utilize Hybrid Control. This includes:

¢ Phase-Shift Control: Used at light loads to reduce the effective energy delivered to the secondary without



excessively increasing the frequency.

* Burst Mode: Employed at near-zero loads to prevent the frequency from entering an uncontrollable range and
to maintain high standby efficiency.

¢ Synchronous Rectification (SR) Tuning: Adjusting the timing of secondary-side MOSFETS to prevent reverse
current flow and maximize efficiency at different output voltages.

Case Study: NEV Charging Modules

In the context of New Energy Vehicles (NEVs), the LLC converter is often the core of the On-Board Charger
(OBC). These modules must support battery packs ranging from 250V to 450V (or even 800V in newer
architectures). A dual-integrated LLC resonant converter (DI-LRC)was recently prototyped to address this. By
using various switching patterns and a configurable secondary, the DI-LRC maintained an efficiency above 96%
across the entire 200V-500V range. This was achieved by integrating the auxiliary switches into the rectifier bridge,
reducing the overall footprint compared to traditional multi-stage solutions.

Troubleshooting and Operational Challenges

Even with a robust design, wide-output LLC converters face specific operational risks:

e Capacitive Region Operation: If the frequency drops too low (below fr2), the tank becomes capacitive, leading
to Hard Switching. This can destroy the MOSFETSs due to the reverse recovery of the body diodes. Protection
Logic: Controllers must include a minimum frequency limit and real-time phase detection.

e Transformer Saturation: During transient states or at the lowest operating frequency, the flux density in the
transformer core can peak. Solution: Implement a cycle-by-cycle current limit and ensure the core is sized for the
worst-case frequency.

» High Output Ripple: Wide output ranges often result in variable ripple frequencies. Solution: Use a multi-stage
LC filter on the output or implement interleaved LLC stages to cancel out ripple currents.

Strategic Implications for the Power Industry

The shift toward novel LLC resonant designsrepresents a broader trend in power electronics: the move away
from "one-size-fits-all" topologies toward adaptive, intelligent systems. By integrating advanced magnetic
components with sophisticated digital control, engineers can now achieve the high power density required for
space-constrained applications without compromising on the wide-range flexibility required by modern battery
technologies.

As we move toward a more electrified future, the refinement of these resonant structures—supported by time-
domain analysis and wide-bandgap semiconductors—will be the primary driver of energy efficiency in the

global power infrastructure. The transition from traditional designs to configurable, multi-stage, and dual-
integrated LLC convertersis not merely an incremental improvement; it is a fundamental shift in how we manage
DC-DC power conversion for a diverse and demanding world.
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