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This thesis summarizes the research conducted by the author under the guidance of
Professor Tomokazu Mishima of the Department of Marine Technclogies and
Engineering, Faculty of Maritime Sciences, Kobe University, from April 2022 to 2025,
focusing on the power supply for induction heating systems, particularly on
single‘phase high-frequency resonant direct AC-AC converters.

Induction heating, as a representative application of high-frequency power electronics
in household and consumer fields, typically operates at frequencies of tens of kilohertz
(kHz), heating metal loads through the principle of electromagnetic induction. The
power converter, which transforms mains electricity into high-frequency power, is the
core component of an induction heating system. Compared to traditional multi-stage
high-frequency inverters, direct AC-AC converters offer several advantages, including
simplified circuit structures, higher energy efficiency, and better adaptability to
compact designs. These characteristics make them particularly suitable for household
and industrial applications.

The direct AC-AC topology eliminates the need for an intermediate DC stage,
significantly reducing the system’s size, weight, and overall cost, while improving
reliability and performance. |
However, in previous research, such AC-AC converters have commonly operated under
pulse frequency modulation (PFM) control methods, which have introduced several
limitations. These include audible interference among multiple devices, challenges in
designing EMI filters, and difficulties in econtrolling heating depth based on the skin
effect.

To overcome the limitations of traditional PFM control metheds, the author proposes

three key innovations:

1. Pulse Density Modulation (PDM): This method ensures finer control over the
output power and reduces the acoustic noise and electromagnetic interference
typically associated with PFM.

2. Constant OffTime Pulse Coding Modulation (COT-PCM): This approach
addresses several drawbacks of PDM, including instability in switching
frequency, acoustic noise, and limited efficiency under varying lead conditions,
while ensuring more reliable power control and simplified resonant component
design. ' '

3. Integration of a Variable Inductor (VI): This addition allows for dynamic control
of resonant frequency and power transfer, optimizing performance across

different cperating points.
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These methods significantly enhance the performance of induction heating systems,
including improved power control precision, reduced input current ripple, and
minimized acoustic noise. The proposed converter and contrel methods were thoroughly
validated in practical scenarios, including standard cooking appliances and innovative
fluid water induction heating systems, demonstrating their versatility and
effectiveness.

Chapter 1 introduces the research background, objectives, and significance of this
study. It primarily covers the basic principles of induction heating, the evolution and
structure of previous multi-stage high-frequency inverters and leads to the
introduction of the direct AC-AC converter.

Chapter 2 describes the structure and fundamental operating principles of the direct
AC-AC converter, with a particular foeus on the operating principles and constraints of
its two operating modes. It also explains how full soft-switching operation is
maintained while achieving soft-switching during mode transitions. This chapter
provides the fundamental knowledge necessary for the subsequent chapters.

Chapter 3 describes the PDM of direct AC-AC converter. In contrast to the multi-stage
and traditional single-stage power conversion systems, the proposed direct AC-AC
converter not only simplifies the topology of power conversion but also enhances the
efficiency, soft-switching, and EMI performance, optimizing the overall system
performance. This converter features a power control methedology utilizing the reverse
conducting and reverse bloecking modes of a bidirectional switch based on pulse density
modulation, which is suitable for a wide range of soft switching and fixed-frequency
operations. The performance of the direct AC-AC converter is investigated by
experiments using a 1.2 kW/56 kHz prototype, where the high-frequency load power
regulation and power conversion efficiency are revealed, and soft switching is verified.
The practical effectiveness of the power converter and power control scheme is
evaluated.

Chapter 4 describes a new pulse modulation for single-phase direct AC-AC converters
in fluid water IH systems, which is defined as COT-PCM. The proposed pulse
modulation is suitable for fixed-frequency power control in a direct AC-AC converter,
featuring high performance of the skin effect, reduction of input (utility line} current
fluctuations, and minimization of the size and capacity of the filtering components.
Furthermore, this approach can overcome the technical issues of PFM and PDM, such
as audible noises with respect to power control. The essential performance of the
proposed pulse modulation is demonstrated by an experiment based on zi 2 kW/40 kHz

prototype for fluid water TH appliances in home and consumer applications. The
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high-frequency load power regulation, power control range and resolution, power
conversicn efficiency, and soft-switching of a bidirectional switch are revealed, and the
validity is evaluated from a practical point of view.

Chapter & describes a new prototype of a direct AC-AC converter for IH applications,
which is the first proposal for the application of VI technology to a direct AC-AC
converter, thereby achieving fixed-frequency control with a wide soft-switching range.
Combining VI technology enhances IH system flexibility and resolves issues of
mechanical noise and EMI caused by variable frequency modulation, which are
prevalent in conventional IH methods. This chapter analyzes the proposed converter's
operation, explaining the VI control strategy for fixed-frequency power regulation, with
key VI parameters designed using a reluctance model. Furthermore, experimental
verification with an 850 W/50 kHz prototype confirms the fundamental performance
capabilities of the proposed direct AC-AC converter. This evaluation demonstrates the
high-frequency load power regulation and power conversion efficiency, and further
confirms the implementation of soft-switching. The proposed converter achieved a high
efficiency of 96.0%, which is significant for reducing energy loss in 1H systems.

Chapter 6 summarizes the research achievements and discusses future proépects.

This thesis has presented a thorough exploration of advanced control methodologies for
direct AC-AC converters, specifically targeting induction heating applications.
Throughout the study, substantial progress was made in developing innovative power
control strategies that significantly enhance the efficiency and functionality of

induction heating systems across various applications.

The introduction of PDM marked a pivotal advancement. These methedologies
facilitated finer control over power output, reduced electromagnetic and acoustic noise,
and minimized the input current ripple, thus addressing the primary limitations
associated with traditional PFM. The integration of VI and COT-PCM further refined
the system's performance by enabling dynamic control of the resonant frequency and
power transfer, which optimized the efficiency and flexibility of induction heating
systems.

Experimental validations conducted across different prototypes — from IH cooker to
fluid water induction heating systems — demonstrated that the proposed solutions not
only meet but exceed the current standards in terms of power regulation, conversion
efficiency, and environmental impact. Specifically, the high-frequency inverter
prototypes showcased exceptional load power regulation and confirmed the benefits of

soft-switching capabilities, significantly reducing energy losses and enhancing overall
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system relizbility,

Moreover, the successful implementation of these technologies in practical scenarios,
such as standard cocking appliances and innovative industrial applications, illustrates
their potential to revolutionize the approach to induction heating. By reducing the
complexity of the circuit design and improving the adaptability to compact
configurations, this research contributes to making high-frequency power electronics
more accessible and beneficial for both household and industrial uses.

As the demand for efficient and environmentally friendly heating solutions continues to
grow, the findings from this dissertation underscore the viability of using advanced
direct AC-AC converters in meeting these needs. Looking forward, the insights gained
from this research could pave the way for further innovations in power electronic
devices and systems, fostering the development of more sustainable and
energy-efficient technologies.

In summary, this dissertation has made substantial improvements in th'é field of
induction heating, providing validated solutions that have been detailed in several
publications and protected by multiple patents, greatly enhancing their potential for
industrial adoption. The findings of this research effectively address the growing

demand for energy-efficient and environmentally friendly heating solutions.
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