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Abstract

Induction heating is the technique that heats the conductive material by high frequency large AC
magnetic field. For efficient generation of the AC magnetic field, induction heating technique
commonly utilizes the resonance between the heating coil and the resonating capacitor. The
resonance is generally excited by applying the AC voltage of the resonant frequency. However, the
resonant frequency is unstable because this frequency is susceptible to the disposition of the
material to be heated. As a result, high efficiency high power induction heating system often suffers
from unstable operation. This paper addresses this problem by proposing application of a simple
automatic resonant frequency tuning circuit to the induction heating. This circuit can automatically
achieve equivalent adjustment of the resonance frequency at the operating frequency without
special control or the circuit sensing. In addition, this paper elucidated the control method of this
tuning circuit to achieve the soft-switching operation in both of the inverter that drives the heating
coil and the tuning circuit itself. The experiment revealed successful stabilization of the resonant
frequency as well as satisfaction of the soft-switching condition both of the inverter and the tuning
circuit, supporting effectiveness of the tuning circuit for induction heating.

Introduction

Induction heating is widely utilized in industrial [1-4] and home application [5-7] as a safe and
convenient heating technique of conductive materials such as the metals. The induction heating
does not require the frame for heating up the material to be heated. Furthermore, the induction
heating generally has a simple mechanical construction, which can free the users from frequent
maintenance.

In common induction heating systems, the inverter is employed to feed high frequency AC current
to the heating coil. This AC current generates the AC magnetic field around the heating coil. As a
result, the eddy current is induced inside the material to be heated, generating the heat by the ohmic
loss inside the material. Therefore, effective heating requires large AC current of the heating coil
for inducing large eddy current. However, the reactance of the heating coil may hinder the inverter
from supplying sufficiently large AC current to the heating coil.

In order to solve this problem, the resonant capacitor is commonly attached to the heating coil, as
shown in Fig. 1(a), particularly in high power induction heating systems [8—11]. If the heating coil
is driven at the resonant frequency of this capacitor and the heating coil, the resonant capacitor
cancels the reactance of the heating coil. Therefore, these systems are commonly driven at the
resonant frequency, thus enabling large AC current to flow through the heating coil.

However, the resonant frequency is highly dependent on the inductance of the heating coil. This
inductance is susceptible to the disposition of the material to be heated as well as the production



tolerance of the heating coil. Furthermore, the production tolerance of the resonating capacitor also
affects this inductance. Therefore, many induction heating systems have control circuits that adjusts
the operating frequency of the inverter to coincide with the resonant frequency [12—18].

These control circuits detect the deviation of the resonant frequency from the operating frequency
and adjust the operating frequency. However, the LC resonator of the heating coil and resonating
capacitor often has high Q factor in many practical induction heating systems. Hence, the controller
is required to generate the gate signal with sufficient frequency resolution so that the operating
frequency can be accurately adjusted at the resonant frequency. This requirement may be severe
particularly for controllers with microprocessors and FPGAs, which are commonly utilized in
recent induction heating systems to implement fine and accurate control of the temperature of the
material to be heated. The microprocessors and FPGAs operates based on the clock signal.
Therefore, the frequency resolution of the gate signal is limited by the clock frequency, which may
hinder accurate adjustment of the operating frequency.

As an alternative approach, this paper proposes application of an automatic resonant frequency
tuning circuit to the induction heating systems. This tuning circuit can rather adjust the resonant
frequency to the operating frequency of the inverter. This tuning circuit can adjust the resonant
frequency without requiring fine frequency resolution of the operating frequency. The control of
this circuit does not also need fine frequency resolution. Furthermore, the control of this circuit is
straightforward and free from any sensing of the heating coil current or even the resonant frequency.

This tuning circuit is originally proposed for resonant inductive coupling wireless power transfer
systems [19][20]. Hereafter, this paper refers to this tuning circuit as the automatic tuning assist
circuit (ATAC) after the preceding works [19][20]. This paper investigates the effectiveness of the
ATAC in comparatively high power application as induction heating systems. Particularly, the
operating condition and the control method for the ATAC to achieve the soft-switching have been
scarcely discussed in preceding studies, although the soft-switching is generally important for
suppressing the switching loss in high power applications as many practical induction heating
systems. Therefore, this paper elucidates the necessary control and the operating conditions for
achieving the soft-switching.

The following discussion comprises three sections. Then next section briefly reviews the ATAC
and analytically elucidates the operating condition, as well as the control method, for achieving the
soft-switching. Then, the experiment is presented using the prototype induction heating system to
verify the effectiveness of the ATAC. Finally, the conclusions are given.

Automatic Tuning Assist Circuit (ATAC)

Figure 1 illustrates the circuit diagram and the equivalent circuit of the conventional induction
heating system without the ATAC. The conventional heating system comprises the inverter, the
heating coil, and the resonating capacitor C,. In the equivalent circuit model, the heating coil is
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replaced by the inductance L; and the AC resistance R,.. The AC resistance R, is contributed by
the power loss in the heating coil and that in the material to be heated. The inverter generates the
AC voltage to excite the resonance between L; and Ci. Therefore, the inverter is commonly
designed to operate at a frequency close to the resonant frequency. However, the resonant frequency
is susceptible to the disposition of material to be heated and to the production tolerance of the
heating coil and C; and therefore, the deviation of the operating frequency from the actual resonant
frequency take various values and is generally difficult to observed by the controller of the inverter.

If the operating frequency exactly equals to the resonant frequency, the voltage drops at L; and C;
completely cancel each other. Then, the inverter output voltage can be regarded to be fully applied
to Rg. This indicates that large AC current flows in the heating coil, leading to effective heating.
However, if the operating frequency deviates from the resonant frequency, the voltage drop at the
series resonator of L and C; remains to hinder the AC current induction in the heating coil.

Figure 2 illustrates the circuit diagram and the equivalent circuit of the induction heating system
with the ATAC. The ATAC is formed as a full-bridge circuit whose DC bus line is connected only
to the smoothing capacitor C>. Hence, the ATAC does not require any additional DC power supply.
The full-bridge circuit of the ATAC operates at the same frequency as the inverter, which works as
the AC voltage source, and with the predetermined constant phase difference with the inverter
output voltage. Generally, the phase of the inverter voltage output coincides with the gating signals
of the switches that incorporated in the inverter. Therefore, the ATAC does not require any sensing
circuit nor complicated control circuit, as far as the ATAC and the inverter share the same controller.

The ATAC automatically generates the AC voltage that cancels the remaining voltage drop of the
series resonator of L; and Cj, even if the operating frequency of the inverter deviates from the
resonant frequency. As a result, the inverter output voltage is almost fully applied to R,., which is
equivalent to adjusting the resonant frequency to the operating frequency of the inverter. The reason
is briefly reviewed as below.

In order to simplify the discussion, the AC voltage generated by the inverter and the ATAC is
approximated as the sinusoidal voltage vi, and va, respectively. (Hence, vi, and v, represent the
fundamental waves of the output voltage of the inverter and the output voltage of the ATAC,
respectively.) As a result, the equivalent circuit is obtained as shown in Fig. 2(b). Based on this
equivalent circuit, the heating coil current i, can be formulated as

(‘j(’oLl + j(j)lc +RdCJiaC = vln _vat’ (1)

1

where o is the angular frequency.



Note that the ATAC comprises only the switching devices and the capacitor; and therefore, the
ATAC can receive no effective power under the steady operation. Therefore, if we denote the phase
angle difference of i, from v, as 0, we have 0=n/2 or 6=—n/2. Let Vi, ,Vu, and I, be the effective
voltage value of viy, v, and i, respectively; and let a be the phase angle difference of v, from v,
If we define the phase angle of vin as zero, the real and imaginary part of (1) can be expressed as
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Eliminating V,, from (2) and (3) yields (4); and eliminating sina from (2) and (3) yields (5):
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Because cos0=0, sin® must equal to either —1 or 1. The polarity of sinf depends on the polarity of
sina. If sina is positive, sin® must be —1 because Vin, Ruc, and I, are positive in (4) according to
their definition. On the other hand, if sino is negative, sind must be 1. Furthermore, if we
approximate that cosa is sufficiently small, the polarity of @Z;—1/0wC; must equal to sinf because
Va and I, are positive in (5).

Particularly, if a is set at /2 or —1/2, (4) and (5) reduce to Vi=Ruclac and Vo=|oL1—1/0Ci|l;. The
former equation indicates the same relation as the conventional induction heating system in which
the operating frequency exactly coincides with the resonant frequency. Therefore, the system with
the ATAC operates as if the resonant frequency is automatically tuned at the operating frequency
regardless to the value of wL;—1/wC;.

Conventionally, the effectiveness of the ATAC is investigated in comparatively small power
applications such as wireless power transfer. Therefore, the control and design strategy of the ATAC
has been only focused on the function of the automatic tuning of the resonant frequency.
Accordingly, a has been simply set at /2 or —n/2 depending on the polarity of wLi—1/0Ci [3][4].
However, in more high power applications such as induction heating, the ATAC should be
controlled and designed to achieve the soft-switching in both the inverter and the full-bridge circuit
of the ATAC for minimization of the switching loss.

In order to achieve the soft-switching in the inverter, the relation between i, and v;, should be
inductive. Hence the phase angle of the output current, i.e. 0+0, must be slightly smaller than zero.
(The angle a+6 should have small absolute value for large sina, which results in effective heating
by inducing large heating coil current /. according to (4).) In addition, in order to achieve the soft-
switching in the full-bridge circuit of the ATAC, the relation between i, and v, should be kept
capacitive. Hence, 0 should be /2. As a result, we should set the parameter a at a value slightly



Table I: Specification of the experimental
induction heating systems

DC power supply | 63V

Heating coil Diameter: 170mm

Number of turns: 40T

Capacitor C; 44 4nF
Capacitor C; 17.6uF
Inductor L, 98.8uH

Resonant Freq. 76kHz

Operating Freq. 76-91kHz

AC resistance R.e | 1.47-1.61Q

SW1,2 Infineon IRFP4668PBF Material to be heated

. Fig. 3: Photograph of the experimental system
SW3-6 Toshiba TK62Z60X,S1F(S with the ATAC

smaller than —m/2 and design ©wL;—1/0C; to be positive. In other words, the resonant frequency of
the series resonator of L; and C; should be lower than the operating frequency.

Certainly, the series resonator has been commonly designed to be inductive even in the
conventional induction heating system without the ATAC. However, the ATAC can ensure the
larger heating coil current because sina is always kept at a predetermined value close to the unity
regardless to the reactance wl;—1/wC;, which may take large value depending on the disposition
of the material to be heated and the production error of the heating coil and the resonating capacitor.

Experiment

The effectiveness of the ATAC for the induction heating was evaluated experimentally by
comparing the circuit operation between the induction heating systems with and without the ATAC.
This experiment tested small-powered experimental induction heating systems constructed based
on the circuit diagrams shown in Fig. 1(a) and Fig. 2(a). Fig. 3 shows the photograph of the
prototype induction heating system with the ATAC. In this experiment, we utilized the aluminum
pot with the diameter of 240mm as the material to be heated. Specifications of the experimental
systems are shown in Table L. In this experiment, the operating frequency was ranged from 76kHz
to 91kHz, which is equal or slightly higher than the actual resonant frequency of 76kHz.

First, we compared the operating waveforms between with and without the ATAC. For this purpose,
we evaluated the voltage and current waveforms under operation at §6kHz, which is slightly higher
than the resonant frequency. The phase angle o was kept at —95° in the prototype with the ATAC so
that both of the inverter and the ATAC can achieve the soft-switching.

Figure 4 shows the result. Comparison between with and without the ATAC revealed that the
amplitude of the heating coil current was greatly increased owing to the ATAC. The phase
difference of the heating coil current i, from the inverter output voltage v;, was found to be —83.2°
in the conventional system without the ATAC, which indicates that the heating coil current is
mainly determined by the inductive reactance of wLi—1/wC;. On the other hand, the phase
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Fig.4: Experimental voltage and current
waveforms (The operating frequency was set at
86kHz)

difference was found to be —6.2° in the system
with the ATAC, as is consistent with the
theoretical value of —5°. This phase difference
indicates that the inverter can achieve the soft-
switching. In addition, the phase difference
between the heating coil current i, and the
ATAC output voltage v, also supported the soft-
switching in the full-bridge of the ATAC.

In the proposed system with the ATAC, the
effective value of the heating coil current, i.e.
L., was found to be 15.8 Arms; and the effective
value of the fundamental wave of the ATAC
output voltage, i.e. Vi, were found to be
183.5Vrms. The experimental values for /,. and
V. were found to be close to the theoretical
values [,~18.1Arms and V,=209.6Vrms,
predicted using (4). (Vi, was calculated as
28.4Vrms because Vi, is the effective value of
the fundamental wave of the inverter output
voltage.) Slight discrepancy between the
experiment and the theory can be explained as
the result of the power loss in the ATAC. The
power loss of the ATAC is included in R, in the
equivalent circuit. Therefore, adding the ATAC
to the induction heating system slightly
increases R., which may have caused slight
decrease in /.. and V, in the experiment, as is
inferred from (4) and (5).

Next, we evaluated the operating principle of
the induction heating system with the ATAC.
For this purpose, the dependence of I, and Vy
on the phase angle a is evaluated using the
prototype with the ATAC. In this evaluation, the
operating frequency was set at 86kHz, which is
slightly higher than the resonance frequency of
76kHz. Then, the experimentally evaluated
dependence was compared with the theoretical
prediction given as (4) and (5).

Figure 5 shows the results. The overall
dependency of [, and V, was found to be
consistent with the theory. As predicted by the
theory, /. took its maximum value at a=90°,
supporting the theoretical prediction. Certainly,
both of /I, and ¥V, showed slightly smaller
values in the experiment than the theoretical
prediction. However, this discrepancy between
the experiment and the theory can also be
explained as the result of the power loss in the
ATAC.

Finally, we confirmed the stability of /.. against
the impedance wli—1/wC;. In the actual
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induction heating system, the variation of this impedance is supposed to be mainly caused in the
inductance of the heating coil (L) and the capacitance of the resonating capacitor (C1). However,
in this experiment, we varied the operating frequency to make variation in this impedance.
Therefore, we investigated the dependence of /,. on the operating frequency. The phase angle o
was set at —95°.

Figure 6 shows the result. The system with the ATAC showed almost constant /,. regardless to the
operating frequency and therefore to wL;—1/wC;. On the other hand, /,. decreased rapidly in the
system without the ATAC, as the operating frequency deviates from the resonant frequency.
Therefore, the ATAC offered stable /,. regardless to wLi—1/wC, as is expected from the theory.
Certainly, V, increased as the operating frequency deviates from the resonant frequency. This is
also consistent with the theory, because (5) indicates that V,, is approximately proportional to the
absolute value of wLi—1/wC). Consequently, the experiment successfully proved the stability
improvement by the ATAC against the variation of the impedance wLi—1/wC, i.e. against the
variation of the resonant frequency.

Conclusions

The induction heating often suffers from unstable heating performance due to susceptibility of the
resonant frequency to the disposition of the material to be heated or the production error of the
heating coil and the resonating capacitor. This issue is addressed in this paper by proposing
application of a simple automatic resonant frequency tuning circuit known as the ATAC. This paper
further investigated and derived a design and control instruction of the induction heating system
with the ATAC to satisfy the soft-switching condition. As a result, the following two instructions
were elucidated: 1. the ATAC should be operated with the phase difference slightly smaller than —
7/2 from the inverter that drives the heating coil; and 2. the resonance frequency of the series
resonator of the heating coil and the resonating capacitor should be designed to be smaller than the



operating frequency of the inverter. Experiment successfully verified effectiveness of the ATAC in
the induction heating application as well as appropriateness of the instructions to satisfy the soft-
switching condition.
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