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Abstract
High-frequency power conversion has become crucial in modern electronics,
renewable energy systems, and electric vehicles due to its advantages in size
reduction, efficiency improvement, and improved dynamic response. Conventional
hard-switching converters face limitations such as high switching losses,
electromagnetic interference (EMI), and thermal stress at elevated frequencies.
Soft-switching techniques, including zero-voltage switching (ZVS) and zero-
current switching (ZCS), mitigate these challenges, while resonant converters offer
improved efficiency and reduced component stress by operating with sinusoidal
waveforms. This paper presents a comprehensive review of soft-switching
techniques and resonant converters at high frequencies. It explores converter
topologies, design considerations, control strategies, performance analysis, and
practical applications. Comparative discussions on conventional and resonant
converters highlight the advantages of soft-switching in high-frequency operations.
Finally, the paper provides insights into current research trends and future

challenges in the field.

Keywords: Soft-switching, Resonant converters, High-frequency power
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Efficiency optimization.
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INTRODUCTION

The demand for high-efficiency, compact power converters has surged in modern electronic
systems such as telecommunication equipment, electric vehicles, and renewable energy
applications. Traditional hard-switching converters, which turn on and off power semiconductor
devices abruptly, suffer from significant switching losses, high thermal stress, and electromagnetic

interference (EMI), especially at high frequencies (>100 kHz).

Soft-switching and resonant converters have emerged as solutions to overcome these limitations.
Soft-switching reduces switching losses by ensuring that the voltage across or the current through
the switching device is zero during transitions. Resonant converters, on the other hand, exploit
LC resonance to naturally shape the voltage and current waveforms, enabling high-frequency

operation with minimal stress.

This paper reviews various soft-switching and resonant converter topologies, highlights their high-

frequency design considerations, and discusses recent advancements in this field.

2. FUNDAMENTALS OF SOFT-SWITCHING TECHNIQUES

Soft-switching is a fundamental concept in modern high-frequency power electronics. It refers to
techniques where power semiconductor devices, such as MOSFETSs, IGBTSs, or GaN transistors,
switch under conditions that minimize the simultaneous occurrence of high voltage and high
current. By avoiding this overlap, switching losses, thermal stress, and electromagnetic

interference (EMI) are significantly reduced.

Traditional hard-switching converters turn on or off the device abruptly, causing large
instantaneous power dissipation given by:
Psw=Vsw-IswP_{sw} = V_{sw} \cdot I_{sw}Psw=Vsw-Isw
where VswV_{sw}Vsw is the voltage across the switch and Iswl_{sw}Isw is the current through
the switch. At high frequencies, these losses dominate, limiting efficiency and device lifespan.
Soft-switching resolves this by introducing controlled voltage or current zero-crossing
conditions, resulting in two main operational modes: Zero-Voltage Switching (ZVS) and Zero-
Current Switching (ZCS).
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2.1 Zero-Voltage Switching (ZVS)
Definition: ZVS occurs when a switching device is turned on at the instant the voltage across it is

zero. This eliminates turn-on losses because the product of voltage and current during the transition
IS minimized.
Principle:
e In ZVS, the switch voltage is allowed to naturally decrease to zero using resonant or
auxiliary circuits before turning on the device.
e The current through the device starts flowing after the voltage has dropped to zero,

preventing simultaneous high voltage and current.

Equation for ZVS condition:
Vsw(ton)=0V_{sw}(t_{on}) = OVsw(ton)=0
Where:
e VswV_{sw}Vsw = instantaneous voltage across the switch

e tont_{on}ton = the instant the switch is turned on

Typical implementation:
e ZVS is commonly applied in inductive load applications because the inductor naturally
provides current continuity.
e Popular topologies using ZVS include full-bridge resonant converters and LLC

resonant converters.

Waveform illustration:

e Voltage waveform across the switch drops to zero before the gate signal turns on.

e Current rises from zero immediately after turn-on.

Benefits of ZVS:
e Eliminates turn-on switching losses.
e Reduces EMI caused by sharp voltage transitions.

e Reduces voltage stress on the switch, enabling the use of smaller or lower-rated devices.
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2.2 Zero-Current Switching (ZCS)
Definition: ZCS occurs when a switching device is turned off at the instant the current through it

is zero. This eliminates turn-off losses and prevents excessive voltage overshoot due to inductive

energy.

Principle:
e In ZCS, the circuit ensures that the current flowing through the device gradually decreases
to zero using resonant elements or snubber circuits before turning off the device.
e The voltage across the switch may be non-zero, but the absence of current prevents

significant energy dissipation.

Equation for ZCS condition:
Isw(toff)=01_{sw}(t_{off}) = Olsw(toff)=0
Where:
e Iswl_{sw}Isw = instantaneous current through the switch

o tofft_{off}toff = the instant the switch is turned off

Typical implementation:
e ZCS is widely used in current-fed resonant converters and inductor-based soft-switching

circuits.
e It is particularly useful in applications with high di/dt stress because it prevents sudden

interruptions in current flow.

Waveform illustration:
e The current waveform through the switch reaches zero just before the switch turns off.

e \oltage across the switch may rise gradually but does not contribute to significant

switching loss.

Benefits of ZCS:
e Eliminates turn-off losses.
e Reduces EMI associated with high di/dt.
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e Enhances device reliability, especially for high-current applications.

2.3 Comparison of ZVS and ZCS

Feature Z\'S ZCS
Switching Loss Reduction Turn-on losses eliminated Turn-off losses eliminated
Voltage Stress Reduced May still exist
Current Stress May exist Reduced
Typical Application Voltage-fed converters Current-fed converters
Resonant Circuit Requirement || LC tank for voltage shaping || LC tank for current shaping

2.4 Advantages of Soft-Switching
Soft-switching offers several key benefits over hard-switching, particularly for high-frequency
operation:
e Significant reduction in switching losses — Enabling higher overall converter efficiency.
e Lower EMI emissions — Smooth voltage and current transitions reduce high-frequency
noise.
e Enhanced device reliability and longevity — Reduced thermal and electrical stress
prolongs component life.
e Enable operation at higher frequencies (>500 kHz) — Allows reduction of passive

component size, resulting in compact, lightweight designs.

Summary:
By using soft-switching techniques, high-frequency power converters can achieve ultra-high
efficiency, reduced EMI, and compact design while maintaining reliability. Both ZVS and ZCS

are widely employed in modern resonant converters to meet these demands.
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Table 1: Comparison Of Soft-Switching Vs Hard-Switching

Feature Hard-Switching Soft-Switching
Switching Loss High Low
EMI High Low
Thermal Stress High Low
Efficiency at High Freq Moderate High
Component Size Larger Smaller

3. RESONANT CONVERTER TOPOLOGIES
Resonant converters are a class of power converters designed to operate at or near the resonant
frequency of an LC tank circuit. The key idea is that the resonant inductor (L) and capacitor
(C) naturally shape the voltage and current waveforms into sinusoidal forms, allowing power
semiconductor devices to switch under soft-switching conditions (ZVS or ZCS). By exploiting
resonance, switching losses are minimized, EMI is reduced, and higher efficiency is achieved,
especially at high frequencies (>100 kHz).
Mathematically, the resonant frequency is given by:
fr=12nLCf r=\frac{1}{2 \pi \sqrt{LC} }fr=2nLC1
Where:

e LLL =resonantinductor

e CCC = resonant capacitor

e frf_rfr = resonant frequency

Depending on the placement of the resonant components and how they interact with the load, three
primary topologies are widely used: Series Resonant Converter (SRC), Parallel Resonant
Converter (PRC), and Series-Parallel Resonant Converters (SSPR).
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3.1 Series Resonant Converter (SRC)

Configuration:

Inan SRC, the resonant inductor (Lr) and resonant capacitor (Cr) are connected in series with
the load and the switching device. The series LC tank forms a sinusoidal voltage across the switch,

which naturally satisfies the Zero-Voltage Switching (ZVS) condition.

Key Features:

e Soft-switching: The switch sees a nearly sinusoidal voltage waveform, reducing turn-on
stress.

e High efficiency at resonant frequency: Losses are minimized at resonance since the
impedance of the LC tank is purely resistive, and the voltage and current are in phase.

e Voltage regulation: Output voltage is sensitive to switching frequency, allowing simple
frequency modulation control.

e Suitable applications: Medium- to high-voltage power supplies such as telecom rectifiers,

industrial drives, and high-voltage DC-DC converters.

Design Considerations:
e At resonance, the series LC tank presents minimum impedance:
o Zseries=RloadZ {series} = R_{load} Zseries=Rload
e Switching frequency slightly above or below resonance can control the output voltage.

e The voltage across the switch is sinusoidal, enabling ZVS even at high frequencies.

Waveforms:
e Voltage across the switch: sinusoidal, peaking at resonant voltage.

e Current through the inductor and load: sinusoidal, in phase with voltage at resonance.

3.2 Parallel Resonant Converter (PRC)

Configuration:
In PRC, the resonant capacitor (Cr) is connected in parallel with the load, while the resonant

inductor is in series with the switch or source. This configuration ensures that the current through
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the switch is sinusoidal, enabling Zero-Current Switching (ZCS).

Key Features:

e Soft-switching: Current through the switch reaches zero before turn-off, reducing turn-off
losses.

e Load-independent resonance: PRCs are more tolerant of load variation compared to
SRCs.

e Voltage stress on switches: Can be higher than SRC because the voltage across the switch
is not perfectly sinusoidal.

e Suitable applications: Constant-current power supplies, induction heating, and light

dimming circuits.

Design Considerations:
e The output current is determined by the resonant capacitor and load resistance.
e Operating slightly above or below resonant frequency allows output voltage control.
e Switching devices must withstand voltage peaks, which may exceed input voltage at

resonance.

Waveforms:
e Current through the switch: sinusoidal with zero crossings at turn-on and turn-off (ZCS).

e Voltage across the switch: quasi-sinusoidal with peak slightly above the input voltage.

3.3 Series-Parallel Resonant Converters (SSPR)

Configuration:

SSPR converters combine features of both series and parallel resonant circuits. Typically, one LC
tank is in series with the switch, while another resonant element is in parallel with the load. This
topology allows designers to control both voltage and current waveforms, achieving a balance

between efficiency and load regulation.

Key Features:

e Flexibility in load regulation: Combines the voltage control of SRC with the current
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control of PRC.
e Soft-switching capability: Can achieve both ZVS and ZCS depending on the operating
point.
e Optimized efficiency: Reduced switching and conduction losses across a wide load range.
e Suitable applications: High-frequency DC-DC converters, electric vehicle onboard

chargers, and renewable energy inverters.

Design Considerations:
e More complex control is required compared to simple SRC or PRC.
e Both LC tanks need precise design to maintain resonance under load variations.

e Switch selection and thermal design are critical due to dual resonance interactions.

Waveforms:
e \oltage across switches: quasi-sinusoidal
e Current through switches: shaped to minimize switching losses

e Output voltage: smoother than SRC and PRC under varying loads

4. High-Frequency Design Considerations
Operating converters at high frequencies introduces design challenges:
4.1 Semiconductor Device Selection
e Wide-bandgap devices (SiC, GaN) are preferred for high-frequency operation due to low

switching losses and fast switching speeds.

4.2 Magnetic Components
e High-frequency operation reduces magnetics size but requires careful design to avoid core
and copper losses.

e Ferrite cores are widely used for transformers and inductors.

4.3 Thermal Management

e Even with soft-switching, high-frequency operation generates heat. Proper heatsinking and

112 I Page 104-115 © MANTECH PUBLIATIONS 2016. All Rights Reserved



Journal of Power Electronics and Drives
MANI ECH
Publications Volume 1, Issue 2, May-August 2016

thermal design are essential.

4.4 EMI Mitigation
e Snubber circuits and shielding are required to manage EMI.

e Soft-switching inherently reduces EMI compared to hard-switching.

5. CONTROL TECHNIQUES FOR RESONANT CONVERTERS

Effective control strategies are crucial to maintain soft-switching conditions and achieve high
efficiency.

5.1 Frequency Modulation Control

e Varies switching frequency to maintain resonance and output voltage regulation.

5.2 Pulse-Width Modulation (PWM) Control

e Used with quasi-resonant converters to fine-tune duty cycle for voltage regulation.

5.3 Phase-Shift Control
e Common in full-bridge resonant converters to adjust power delivery without compromising

soft-switching conditions.

6. PERFORMANCE ANALYSIS

Several studies demonstrate the advantages of soft-switching resonant converters:
e Efficiency: Often exceeding 95% at high frequencies
e Thermal Stress: Reduced by 20-40% compared to hard-switching converters

e Size Reduction: High-frequency operation reduces magnetics size by 50-70%

Table 2: Performance Comparison Of High-Frequency Converters

Parameter Hard-Switching Soft-Switching Resonant
Switching Frequency 50-100 kHz 200-500 kHz
Efficiency 85-90% 93-97%
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Parameter Hard-Switching Soft-Switching Resonant
Thermal Stress High Low
EMI Significant Reduced
Component Size Larger Compact

APPLICATIONS OF HIGH-FREQUENCY SOFT-SWITCHING CONVERTERS

Telecommunication Power Supplies — Compact and efficient AC-DC conversion for data
centers.

Electric Vehicles — DC-DC converters with high efficiency and reduced thermal stress.
Renewable Energy Systems — Solar inverters and battery chargers requiring high-frequency
operation.

LED Drivers — High-frequency resonant converters improve power factor and efficiency.

RECENT RESEARCH TRENDS

Integration of GaN and SiC devices for ultra-high-frequency soft-switching.
Multi-resonant converters for wider load regulation.
Digital control and Al-based optimization for dynamic soft-switching.

Hybrid topologies combining series and parallel resonances for improved performance.

CHALLENGES AND FUTURE DIRECTIONS

Precise control at high frequencies is still challenging due to parasitic elements.
Thermal management remains critical despite reduced losses.
EMI suppression requires continued research in layout and shielding techniques.

Integration of high-frequency soft-switching converters into compact, multi-kW systems.

CONCLUSION
Soft-switching and resonant converters represent a significant advancement in high-frequency

power electronics. They mitigate switching losses, reduce thermal and EMI stress, and enable

compact designs. The review shows that series, parallel, and hybrid resonant topologies, combined
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with advanced control strategies, provide optimal performance for modern applications. Emerging

semiconductor technologies, especially GaN and SiC, further enhance high-frequency operation,

paving the way for more efficient, reliable, and compact power conversion systems.
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