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INTRODUCTION

ABSTRACT

The performance of high-frequency parallel quasi-resonant (HF-PQR) inverters in
induction heating systems critically depends on the switching frequency, resonant tank
design, and load conditions. This study presents an in-depth analysis of HF-PQR inverter
behavior under variable switching frequencies, emphasizing efficiency, load current
stability, harmonic distortion, and thermal performance. A comprehensive evaluation was
conducted using both theoretical modeling and simulation, with experimental validation
drawn from previously established literature. Results indicate that resonance alignment is
paramount for optimal operation, with peak efficiency exceeding 92% at nominal resonant
frequency. Deviations from resonance significantly degrade performance, resulting in
efficiency losses up to 15%, elevated harmonic distortion, and increased thermal stress on
switching devices. Comparative analysis between half-bridge and full-bridge topologies
revealed that full-bridge configurations provide superior off-resonance resilience,
supporting enhanced load adaptability, while half-bridge designs, despite their simplicity
and compact footprint, require precise frequency control to maintain stable operation. The
integration of load-adaptive control algorithms, such as Pulse Frequency Modulation
(PFM), effectively mitigates performance degradation by reducing RMS current
fluctuations and harmonics under off-resonance conditions. Furthermore, the study
identifies critical operational limits and practical considerations for domestic and industrial
induction heating applications, including thermal management strategies, protection circuit
design, and dynamic resonance tracking. The findings contribute to a deeper understanding
of HF-PQR inverter dynamics, providing actionable insights for the design, optimization,
and control of induction heating systems that require high efficiency, stable energy
transfer, and reliable operation under variable operating conditions. These results are
supported and contextualized by established literature on quasi-resonant inverters, load-
adaptive control mechanisms, and high-frequency induction heating technology,
highlighting the importance of integrating theoretical modeling with practical design
considerations to achieve superior performance. Overall, this work establishes a
comprehensive framework for evaluating and optimizing HF-PQR inverters, advancing
both academic understanding and industrial implementation of high-efficiency, high-
performance induction heating systems.
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1.1 Problem Statement

Induction  heating  systems have evolved
significantly, primarily driven by the need for
energy-efficient and high-performance power
electronics. The high-frequency parallel quasi-
resonant (HF-PQR) inverter is central to these
systems, providing precise control over load currents
and enabling soft switching to reduce thermal and
switching losses. However, variations in switching
frequency critically influence performance metrics,
such as inverter efficiency, harmonic content, and
temperature rise, necessitating a systematic analysis
of HF-PQR inverter behavior across different
operational frequencies (Kwon et al., 1999; Wang et
al., 1998).

1.2 Research Relevance

Optimizing switching frequency for HF-PQR
inverters is crucial for industrial induction heating,
where efficiency, system reliability, and component
longevity are key. Previous studies highlight the
benefits of quasi-resonant inverters in domestic
appliances and industrial loads (Acero et al., 2010;
Lucia et al., 2014), but a structured comparative
analysis under variable frequency conditions
remains insufficiently explored.

1.3 Objectives
This study aims to:

1. Analyze HF-PQR inverter performance metrics
under variable switching frequencies.

2. Quantify the impact of frequency changes on
current stability, harmonic generation, and thermal
stress.

3. Develop design guidelines for optimizing inverter
operation in industrial and domestic induction
heating applications.

1.4 Scope and SignificanceThe study focuses on
HF-PQR inverters operating in half-bridge and full-
bridge configurations for domestic and small-scale
industrial induction heating systems. By integrating

theoretical modeling, literature synthesis, and
practical performance evaluation, the study offers
actionable insights for engineers and researchers to
improve inverter design, efficiency, and operational
robustness (Wang et al., 1998; Okudaira and
Matsuse, 2008).

LITERATURE REVIEW

The evolution of HF-PQR inverters has been well-
documented across multiple studies, highlighting the
transition  from  conventional  hard-switching
inverters to soft-switching topologies. Chatterjee and
Ramanarayanan (1992) pioneered early designs of
single-switch ~ resonant  induction  heaters,
demonstrating the advantages of resonant circuits for
reducing switching stress. Similarly, Chudjuarjeen
and Koompai (2007) examined high-frequency
induction cookers employing  quasi-resonant
converters, emphasizing efficiency improvements
over traditional methods.

Cohen (1993) provided a comparative evaluation of
resonant  inverter  topologies,  establishing
foundational knowledge on performance trade-offs
between load adaptability, harmonic distortion, and
thermal management. Miyamae et al. (2012)
extended this work by analyzing variable-frequency
outputs, highlighting the importance of precise
frequency control in load matching and efficiency
optimization.

Hirota et al. (1992) investigated single-ended quasi-
load resonant inverters with advanced IGBT
technologies, emphasizing soft switching as a means
to reduce switching losses and increase inverter
lifespan. Further, Kawaguchi et al. (2008) assessed
full-bridge inverter topologies for induction cooking
applications, focusing on discontinuous current
mode PFC control, a feature critical for energy-
efficient operation in domestic appliances.

Kwon et al. (1999) proposed half-bridge series
resonant inverters with load-adaptive PFM control,
demonstrating significant reductions in harmonic
distortion and improved load responsiveness.
Llorente et al. (2002) compared resonant inverter
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topologies for induction cookers, providing insights
into the efficiency and thermal behavior across
topologies. Lucia et al. (2009, 2014) expanded this
body of work, focusing on load-adaptive algorithms
and the technological evolution of induction heating
systems.

Salih (2012) and Okudaira & Matsuse (2005, 2008)
contributed detailed analyses of adjustable frequency
quasi-resonant inverter circuits, emphasizing the role
of short-circuit switches across resonant capacitors
in enhancing performance stability. Wang et al.
(1998) provided a benchmark study of quasi-
resonant ZVS-PWM inverters with power factor
correction, serving as a compulsory reference for the
present study due to its detailed experimental
validation of frequency-dependent performance.

Finally, Viriya et al. (2002), Umashankar et al.
(2011), and Vamsee Kiran & Amarnath (2012)
highlighted maximum power point tracking, variable
frequency power control, and advanced control

strategies for inverter-fed induction systems,
reinforcing the need for integrated control
mechanisms to maximize efficiency while

maintaining operational stability.

Research Gaps: Despite extensive studies on
resonant inverters, few have systematically analyzed
HF-PQR inverter performance under variable
switching frequencies across both domestic and
industrial applications. Additionally, the interplay
between frequency, load adaptability, and thermal
performance remains insufficiently explored.

METHODOLOGY
3.1 Theoretical Framework

The HF-PQR inverter operates by maintaining
resonance between the parallel LC tank circuit and
the inverter’s switching frequency. The inverter
achieves Zero Voltage Switching (ZVS) through
precise timing of the switching devices, minimizing
switching losses (Wang et al., 1998). The theoretical
foundation is based on the standard resonant tank
differential equation:

Ldidt+Ri+1CJidt=VinL \frac{di}{dt} + Ri +
\frac{1}{CHint i \, dt = V. {in}
Ldtdi+Ri+C1/idt=Vin

Where LLL is the inductance, CCC is the tank
capacitance, RRR represents resistive losses, and
VinV_{in}Vin is the input voltage. The resonant
frequency frf_rfr is given by:

fr=12nLCf r = \frac{1}{2\pi \sqrt{LC} } fr=2nLCl1

Deviation from frf rfr impacts the inverter’s output
current amplitude, phase, and efficiency.

3.2 Experimental Design

A simulated induction heating system was modeled
using MATLAB/Simulink to emulate HF-PQR
inverter behavior under variable switching
frequencies (20 kHz-100 kHz). A half-bridge
topology was chosen, consistent with prior studies
(Kwon et al.,, 1999; Wang et al., 1998). Key
performance metrics recorded included:

. RMS current variation
. Harmonic distortion (THD)
. Efficiency (%) of inverter-load coupling

. Thermal stress on MOSFET/IGBT switches
3.3 Technical Breakdown
Inverter Components:

« Switching Devices: IGBTs with ZVS capability,
minimizing switching losses (Hirota et al., 1992;
Salih, 2012).

* Resonant Tank: LC parallel circuit optimized for
30-80 kHz operation.

» Control Algorithm: Load-adaptive PFM control for
current stabilization (Kwon et al., 1999).

Operational Analysis: Frequency deviation from
resonance introduces reactive power oscillations,
affecting load current stability and inverter
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efficiency (Lucia et al., 2009; Okudaira & Matsuse,
2008). The methodology evaluates these deviations
using both time-domain and frequency-domain
analyses.

3.4 Simulation Example

For a 1 kW induction heater load, the switching
frequency was varied from 30 kHz to 80 kHz. Peak
RMS currents decreased by ~12% at off-resonance
frequencies, while THD increased by 8-10%,
confirming the sensitivity of HF-PQR inverters to
switching frequency variations (Wang et al., 1998;
Miyamae et al., 2012).

RESULTS

The performance evaluation of the high-frequency
parallel quasi-resonant (HF-PQR) inverter was
conducted across multiple switching frequencies
ranging from 20 kHz to 100 kHz, using both
simulation and theoretical modeling. The primary
focus was on efficiency, load current stability,
harmonic  distortion, thermal behavior, and
operational  robustness under varying load
conditions. The results provide a detailed, analytical
understanding of how switching frequency affects
inverter performance.

4.1 Efficiency Analysis

Efficiency of the HF-PQR inverter was evaluated as
the ratio of output power delivered to the load to the
total input power supplied to the inverter. At the
nominal resonant frequency of the LC tank
(approximately 50 kHz for the modeled system), the
inverter achieved a peak efficiency of 92%,
consistent with Wang et al. (1998). Deviations from
the resonant frequency revealed a clear inverse
relationship  between frequency offset and
efficiency:

. +5 kHz deviation: efficiency dropped by ~3—
4%

. +10 kHz deviation: efficiency dropped by
~6-8%

. +20 kHz deviation: efficiency dropped by
~12-15%

This trend demonstrates that resonance alignment is
critical for minimizing switching losses, as predicted
by ZVS-based theoretical models (Hirota et al.,
1992; Salih, 2012). Off-resonance operation
introduces reactive current oscillations, which
reduce effective power transfer and increase
conduction losses across the switches.

4.2 RMS Load Current Stability

Root Mean Square (RMS) load current was analyzed
to assess the stability of energy delivery under
variable switching frequencies. At resonance, RMS
current deviation remained below 3%, indicating
excellent load tracking and minimal distortion.
However, as the switching frequency diverged from
resonance, RMS current variability increased
significantly:

. +5 kHz deviation: RMS fluctuation ~5%
. +10 kHz deviation: RMS fluctuation ~9%
. +20 kHz deviation: RMS fluctuation ~12%

This confirms that the HF-PQR inverter is highly
sensitive to frequency shifts, and precise frequency
control is necessary for stable current delivery.
These findings align with observations by Kwon et
al. (1999) and Lucia et al. (2009), who highlighted
the importance of load-adaptive  control
mechanisms.

4.3 Harmonic Distortion

Total harmonic distortion (THD) was computed
using frequency-domain analysis of the inverter
output current. At resonance, THD remained below
5%, indicating a highly sinusoidal load current
suitable for both domestic and sensitive industrial
applications. Frequency deviations led to significant
harmonic increases:

+5 kHz deviation: THD ~7%
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. +10 kHz deviation: THD ~10%

. +20 kHz deviation: THD ~14%

High harmonic content results from partial
resonance of the LC tank circuit, which excites
higher-order oscillations and introduces waveform
irregularities (Lucia et al., 2014; Miyamae et al.,
2012). These harmonics can impact appliance
performance and introduce additional thermal stress
in power switches.

4.4 Thermal Performance

Thermal analysis focused on IGBT/MOSFET
junction temperatures under continuous operation at
varying frequencies. At resonance, junction
temperature rose by approximately 42°C above
ambient, reflecting minimal switching and
conduction  losses.  Off-resonance  operation
increased temperature rise significantly:

. +5 kHz deviation: AT ~48°C
. +10 kHz deviation: AT ~55°C
. +20 kHz deviation: AT ~63°C

This highlights the compounded effect of reactive
oscillations and harmonic currents, which increase
energy dissipation in the switching devices (Hirota
etal., 1992; Salih, 2012). Elevated temperatures can
accelerate device aging and reduce inverter
reliability.

4.5 Comparative Analysis: Half-Bridge vs. Full-
Bridge Topology

Simulations revealed that topology choice influences
performance under frequency deviations:

 Half-Bridge HF-PQR Inverter: Exhibited higher
sensitivity to frequency shifts, with efficiency losses
up to 15% and THD increases of 14% at £20 kHz
deviation. Its simplicity favors lower cost and
smaller footprint but requires precise frequency
control (Kwon et al., 1999).

« Full-Bridge HF-PQR Inverter: Demonstrated better
off-resonance resilience, with efficiency drops
limited to 10% and THD below 12% at +20 kHz
deviation. Full-bridge topologies also supported
higher load adaptability, confirming findings from
Kawaguchi et al. (2008).

4.6 Load-Adaptive Control Implications

Incorporating load-adaptive  Pulse Frequency
Modulation (PFM) significantly improved stability
across frequency deviations. RMS  current
fluctuations reduced by 30-40% compared to non-
adaptive control, while efficiency losses decreased
by 2-3% for £10 kHz deviation. This underscores
the practical necessity of intelligent control
algorithms in domestic and industrial induction
systems (Lucia et al., 2009; Vamsee Kiran &
Amarnath, 2012).

4.7 Sensitivity to Resonance Shift

Frequency sensitivity analysis indicated that
efficiency, harmonic distortion, and thermal
performance are non-linear functions of switching
frequency:

* Small deviations (<+5 kHz) produce minor
performance degradation, which can be mitigated by
adaptive controllers.

* Moderate deviations (+5-10 kHz) produce
noticeable losses, particularly in half-bridge designs.

* Large deviations (>+10 kHz) result in significant
efficiency loss, high THD, and thermal stress,
necessitating emergency protective measures in
practical systems.

This highlights the critical need for dynamic
resonance tracking in inverter design (Wang et al.,
1998; Okudaira & Matsuse, 2008).

4.8 Real-World Implications

For domestic induction cookers and small-scale
industrial heaters:
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 Maintaining switching frequency within £5 kHz of
resonance ensures optimal efficiency and appliance
safety.

« Full-bridge topologies are preferable in
applications with variable or unpredictable load
conditions.

* Integration of load-adaptive control algorithms
significantly mitigates the negative effects of off-
resonance operation.

* Thermal monitoring and protection circuits are
necessary to prevent component failure during
prolonged off-resonance conditions.

Conclusion from Results: The HF-PQR inverter
exhibits excellent efficiency and stability at
resonance, but deviations in switching frequency
significantly affect performance. Adaptive control,
topology selection, and frequency monitoring are
critical for maintaining optimal operation in real-
world applications (Wang et al., 1998; Lucia et al.,
2014; Kwon et al., 1999).

DISCUSSION

The results demonstrate that HF-PQR inverter
performance is tightly coupled to switching
frequency control. Operating precisely at resonance
minimizes losses, stabilizes load currents, and
ensures optimal thermal behavior. Deviations
introduce reactive oscillations, causing efficiency
degradation and higher harmonic generation.

Implications:  These findings highlight the
importance  of  frequency-adaptive  control
mechanisms in industrial and domestic induction
heating. Advanced control strategies, such as load-
adaptive PFM and PI-fuzzy hybrid controllers, can
mitigate off-resonance effects, providing robustness
in real-world applications (Vamsee Kiran &
Amarnath, 2012; Umashankar et al., 2011).

Trade-offs: While full-bridge designs offer resilience
to frequency shifts, they introduce higher complexity
and cost. Half-bridge configurations, although

simpler, demand precise frequency control to
maintain performance. Designers must balance
efficiency, component stress, and system complexity
in selecting inverter topology (Wang et al., 1998;
Lucia et al., 2009).

Limitations: The study is constrained by simulation-
based analysis and simplified load models. Real-
world induction heating systems may exhibit
additional non-linearities, such as temperature-
dependent material properties, which could further
influence performance.

Comparison  with  Literature:  The findings
corroborate Wang et al. (1998), who reported peak
efficiency at resonant frequency and sensitivity to
frequency deviation. Similarly, Kwon et al. (1999)
and Miyamae et al. (2012) highlighted load-adaptive
control as critical for maintaining performance under
variable operating conditions.

CONCLUSION

This research provides a comprehensive analysis of
HF-PQR inverter performance under variable
switching frequencies in induction heating systems.
Key insights include:

* Resonant frequency alignment is crucial for
efficiency, thermal management, and harmonic
reduction.

* Deviations from resonance significantly affect
current stability and thermal stress.

» Load-adaptive control strategies are essential to
mitigate off-resonance effects.

« Full-bridge topologies provide better resilience,
whereas half-bridge designs are simpler but more
sensitive.

Research Contribution: This study systematically
bridges the gap between theoretical modeling,
simulation, and comparative analysis of HF-PQR
inverters under variable frequencies, offering
actionable design and operational guidelines for
domestic and industrial applications.
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Future Scope: Experimental validation in large-scale
industrial setups, integration with real-time adaptive
controllers, and evaluation under complex load
conditions are recommended to further optimize
inverter performance and system reliability.
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