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ABSTRACT This study proposes a design of the composite bridge-type inverter with a flexible switching
mechanism for a coaxial dual-coil induction heating system. Contemporary induction heating technologies
predominantly adopt either a single-coil or multi-coil architecture. The former often suffers from limited
heating coverage and lacks uniformity, while the latter is favored in applications necessitating broad heating
ranges, requiring multiple inverters for effective coil switching control. Consequently, challenges persist in
achieving rapid and consistent heating. In this regard, this study proposes a composite bridge-type inverter
circuit comprising 5 power components. Through different power transistor switching mechanisms, the
system enables independent or simultaneous operation of inner and outer coils, facilitating uniform and
swift heating. Furthermore, the proposed inverter can adapt its coil architecture to various operating modes,
optimizing heating consistency and performance. Notably, the system achieves an impressive efficiency rate
of 96.2%. To validate the viability of our induction heating system concept, a laboratory prototype was
constructed and tested. Results from the experiments affirm the system’s flexible switching capabilities,
catering to adjustable heating zone requirements in the coaxial dual-coil setup proposed in this study.

INDEX TERMS Composite bridge-type circuit, flexible switching mechanism, coaxial dual-coil induction
heating system, uniform and swift heating.

I. INTRODUCTION

Induction heating technology operates on the principle of
a heating coil induced with electricity to produce a mag-
netic field, which then generates eddy currents in the heating
load to produce heat [1], [2]. It offers advantages such as
fast heating speeds, high efficiency, and compliance with
higher environmental and safety standards. This technology
is applied in various industrial processes, medical settings,
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household stoves, and across different power levels [3],
[4]. Particularly, induction heating technology is widely
employed in household cooking appliances [5], [6]. Fur-
thermore, in modern smart kitchens, cooking appliances are
gradually transitioning to induction stoves from open-flame
heating. Equipped with appropriate control mechanisms and
communication systems, the realization of smart kitchens is
achieved [7], [8].

At present, induction heating technology is used in house-
hold cooking stoves, and most of them come with a single
heating coil and a single inverter [9]. Because this circuit
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configuration has a low cost and reliable structure, it has
become one of the top choices for the heating system of
household cooking stoves. However, the heating range of
the single-coil structure is limited, resulting in uneven heat-
ing [10], [11], [12]. Given this, to overcome the problem of
uneven temperature in the heating load, coil layout archi-
tecture [6], [13], [14] and coil modular architecture [15],
[16], [17] have been studied. However, these studies per-
tain to a wide range of heating applications with multiple
heating loads. Under this framework, uniform heating for a
fixed-point single load is barely achieved with a poor coil
utilization rate, and this extra design does not lead to adding
value to the heating system. In addition, the repeating coil is
used for temperature compensation between the coil and the
load [18]. While this may control load heating under a certain
circumstance, however, the repeating coils change their main
resonance characteristics when load misalignment presents,
it cannot provide the energy to the load alone in general. Also,
the loss caused by the continuous induction current of the
repeating coil is not suitable for the fixed-point heating load.
Moreover, a design using multi-coil architecture proposes
to compensate for the heated load in a specific area, but
there is still temperature unevenness when heating at a fixed
point [19], [20], Furthermore, there are also some designs of
induction heating systems for heating loads of different sizes
and types [21], however, the problem of uneven heating of the
load are barely addressed. None of the coil modularization,
repeat coil technology, and multi-coil architecture designs
mentioned above provide a better solution to the problem
of uneven heating. The multi-coil architecture requires the
same number of inverters and an involved control strategy to
orchestrate the operation of inverters. This inevitably makes
the overall heating system too large and complex, so the
design of a multi-coil system is much more difficult compared
with that of a single-coil system [22]. In general, heating
circuits adopting a coaxial dual-coil structure [23] have a
better temperature uniformity effect for fixed-point heating,
due to the potent power supply that powers the inner and
outer coil separately. However, impedances are different for
the inner and outer coil, it also poses a very serious chal-
lenge due to the need to provide power supplies of different
levels for the inner and outer coil. Reducing the number
of inverters needed is one of the key points of discussion;
some literature also improves the structure of inverters [24],
[25], [26] to reduce the number of inverters and the overall
circuit size, Additionally, some literature discusses the use of
power components and the number of heating loads, paired
with independent power control, utilizing different operating
frequencies [12], [27], [28], [29], to achieve efficient electric
power transmission. However, the control strategy for this
type of circuit is quite complicated, and more rigorous consid-
eration is required in the design process to avoid control errors
that cause a heating system failure. Encouraging results of
circuit design had gained from the aforementioned methods,
but each of them may come with some demerits in certain
respects, such as uneven heating in single-coil applications,
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the requirement of multiple inverters for multiple heating
loads, and the complexity of control systems, there is still
a lack of superior solutions to address these bottlenecks
encountered in induction heating.

Therefore, this paper proposes a composite bridge-type
inverter with a flexible switching mechanism for use in
a coaxial dual-coil induction heating system to address
the issue of uneven temperature rise in the heating load.
By employing different control mechanisms for power tran-
sistors, the system enables the independent or simultaneous
heating of the inner and outer coil, reducing the number of
inverters required. This configuration allows for the adjust-
ment of each coil’s operational status based on heating
requirements, optimizing heating uniformity and efficiency.
The induction heating system compensates for temperature
differences in the heating load area, enhancing speed and
efficiency. Experimental verification through hardware pro-
totyping confirms the system’s temperature uniformity and
rapid heating capabilities. The achievements, contributions,
and technical features of this paper are listed as follows:

1) A composite bridge inverter is proposed, via switch-
ing control of power transistors, to achieve circuit structure
change of the composite bridge.

2) The application of the coaxial dual-coil flexible switch-
ing mechanism helps to improve the heat distribution in the
fixed-point heating application.

3) Integrating a composite bridge inverter and coaxial
dual-loop coil reduces the number of inverters needed.

4) Applying the power transistor switching mechanism of
the inverter provides flexible heating modes in response to
different needs and heating occasions.

5) The coaxial dual-loop mutual inductance feature is used
so that the unpowered coil can still perform energy repeat
through induction. In addition to uniform heat distribution,
it can also increase the heating speed.

The rest of this article is organized as follows. Section II
introduces the proposed system, Section III discusses the
parameter design and analysis of the resonant circuit,
Section IV reports the experimental results, and Section V
presents the conclusion.

Il. SYSTEM ARCHITECTURE AND CONTROL STRATEGY

The dual-coil heating system using a composite bridge-type
inverter proposed in this paper is shown in Figure 1.
Figure 1(a) depicts a system circuit, including a composite
bridge inverter circuit, a dual coil, a compensation circuit, and
a feedback control system. The main power supply voltage
Vin is the input of the composite bridge type inverter circuit,
via turning on and off of the power transistors (Q1, Q2, O3,
04, and Qs) in the inverter circuit, the DC voltage of the main
power supply is converted into square wave voltage (v, and
vy) which is applied to the dual-loop coil and its compensation
circuit. When the square wave voltage (v, and v;) is applied
on the coil and the compensation circuit, the induction heating
coil (L,, and L;) resonate in series with the compensation
capacitors (Cy, and C;). Here Gy, is the resonant capacitance
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FIGURE 1. System schematic diagrams.

of the outer heating coil, L,, is the equivalent inductance of the
outer coil, C; is the resonant capacitance of the inner coil, and
L; is the equivalent inductance of the inner coil. The heating
load is a stainless steel 304 iron plate, which will induce
the magnetic field emitted by the coil and generate eddy
currents for heating. R, and R, are the equivalent impedance
of the heating load to the resonant tank of the inner coil
and the outer coil, respectively, to simulate the load receiving
the eddy current energy of the heating coil. Figure 1(b) is the
photo of the actual circuit. Because the proposed composite
bridge inverter circuit can change the operating status of
the bridge circuit and the coil through the switching of the
power transistors, next, the function and switching of each
operation mode of the proposed architecture will be explained
as shown in Figure 1(c). First, when the load needs to be
heated up quickly, the induction heating system will operate
in a dual-loop power supply mode. During this period, the
left-side transistors of the inverter will be composed of O
and O3, and the right-side transistors of the inverter will be
composed of Q4 and Qs. The input power supply V;, applies
DC voltage on the inverter circuit in this mode. Through the
switching of the power transistors, the high-frequency square
wave is applied to the resonant circuit consisting of the outer
heating coil L,, and its compensation capacitance Cj,, and the
resonant circuit consisting of the inner heating coil L; and
its compensation capacitor C;. Next, the energy is provided
to both the inner and outer coils and their compensation
capacitors, and both the inner and outer heating coils convert
electricity into a magnetic field and transmit it to the load
to complete the heating process. In this operation mode, the
heating load temperature rising is faster because the circuit
simultaneously supplies energy to both coils. When the load
heats up until requiring a more uniform heat distribution,
the system will switch to the outer-loop power supply mode.
At this time, Q1, Q2. and Q3 form the left-side transistors of
the inverter, while Q4 and Qs form the right-side transistors of
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the inverter. Through the switching of the power transistors,
the input power V;, is converted into a high-frequency square
wave and applied to the resonant circuit of the outer heating
coil L,, and its compensation capacitor C,,. The energy of
the resonant circuit is induced through the outer heating coil
to the load to increase the heating on the outer coil area of
the load. The energy of the outer coil will induce energy to
the inner coil, which is also heat preservation of the central
part of the load. In general, because of the smaller area of the
central part of the heated load, the corresponding temperature
rise is higher, while the temperature rise is lower for the outer
part. Therefore, when the proposed inverter operates in this
outer-loop power supply mode, it can concentrate the heating
for the outer part of the load, and at the same time keep the
central part warm through induction for a more uniform heat
distribution. Finally, when the load needs to be kept warm
after being heated, the induction heating system will switch
to the inner-loop power supply mode. At this moment, the
left-side transistors of the inverter will be composed of O and
Q3. The input power Vj, is converted into a high-frequency
square wave by switching Q1 and Q3 and applied in the
resonant circuit of the inner heating coil and its compensa-
tion capacitor, and then the energy of the resonant circuit is
induced to heat the inner part of the heated load. Because
of the mutual inductance between the inner and outer coils,
a current will also be induced in the outer coil to heat the
outer area of the load. To sum up, this system operates in
different power supply modes by switching among different
circuits. Through switching, this system adjusts the heating
areas for various heating needs. The proposed system further
incorporates the mutual inductance between the inner and the
outer coils, to retain part of the heating effect even when
the coil is not powered. This further helps the uniform heat
distribution.

In the following, the coil structure is described in this
section. Figure 2 illustrates the coaxial dual-loop coil and load
placement. The coil structure is composed of an inner coil and
an outer coil. The inner coil and the outer coil are wound in
a coaxial and concentric rectangular form. Figure 2(a) and
Figure 2(b) are the actual photos of the outer heating coil
and the inner heating coil, respectively, and both coils are
made of Litz wire with a diameter of 0.lmm at a total of
240 strands. Moreover, considering the size of the commonly
used cookware on the market is about 16 cm to 22 c¢m in
diameter, which constitutes a major factor for coil size design
in this paper, the diameter of the outer heating coil is about
20 cm, and that of the inner heating coil is about 10 cm as
shown in Figure 2(c).

The inner and outer heating coils are wound coaxially
and placed on the same surface to achieve effective heating.
Finally, to prevent the insulation part of the coil from being
burned out when the temperature of the heating load rises
and causes a short circuit of the coils, the distance between
the heating load and both coils is set to be 2 cm. The heat
load material is made of SAE 304 stainless steel, a common
material for household cookware.
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FIGURE 2. Schematic diagrams for coaxial dual coils and load placement.

TABLE 1. Symbol table.

Symbol Description
v, Input voltage, Input power
01~ 0s Power transistors of composite bridge-type inverter
Io1 ~ Ips The current flowing through power transistors
Vi Voltage across the outer coil and its compensating circuit
Vi Voltage across the inner coil and its compensating circuit
im Current of the outer coil and its compensating circuit
i Current of the inner coil and its compensating circuit
Ly Resonant inductance of the outer heating coil
L, Resonant inductance of the inner heating coil
Cpn Resonant capacitance of the outer heating coil
C, Resonant capacitance of the inner heating coil
R, Equivalent resistor of the outer heating coil
R, Equivalent resistor of the inner heating coil
M, Mutual inductance of dual heating coils

Ill. CIRCUIT TIME WAVEFORM ANALYSIS

Since the coaxial dual-loop coil and composite bridge induc-
tion heating circuit proposed can switch among different
power supply modes according to different heating needs, this
section will provide detailed descriptions of the circuit actions
in different power supply modes by using corresponding time
waveforms. The following will analyze and explain the power
transistor switching duty cycles, voltages, and currents during
the three power supply modes using the time waveforms and
circuit action diagrams. The symbols and their explanations
are listed for various components, voltages, and currents in
the following table:

A. MODE A. DUAL-LOOP POWER SUPPLY MODE

1) PHASE D; (to ~ t;)

Figure 3 and Figure 4 are the circuit timing waveform dia-
grams and circuit action schematic diagrams of the dual-loop
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FIGURE 3. Time waveforms in dual-loop power supply mode.

power supply mode respectively. As shown during the period
to ~ t1 in Figure 3 and Figure 4(a), Q1, 02, and Qs are all
on, and Q3 and Q4 are both turned off. The voltage drops
across Q1 and Qs are zero, while Ip| and /s are negative and
rise gradually, and flow through their body diodes. Therefore,
in this phase, zero voltage switching (ZVS) is achieved when
Q1 and Qs are turned on. The current i, flowing through the
inner coil and its compensation circuit is negative, and a con-
ducting path is formed by Q1, Vi, L;, Ct, and Q3 for i;. The
current i, flowing through the outer coil and its compensation
circuit is also negative, and this conducting path is formed by
01, Vin, Os, Cy, and Ly,. Phase D is completed when i; rises
to zero, and the system enters phase Dy.

2) PHASE Dy(t; ~ tp)

In this working phase, as illustrated in the #; ~ f, period
in Figure 3 and Figure 4(b), Q1, Q2, and Qs are all turned
on, and Q3 and Q4 are turned off. Since i; turns from zero
to positive and continues to rise during this period, /p; and
I also increase from zero to positive and continue to rise.
A conducting path is formed for i; consisting of Q1, 02, C,
L;, and Vj,. While i, remains negative, its conducting path
is formed by L,,, Oz, Ct, L;, Qs, and Cp,. It marks the end
of working phase D, when i, rises to zero. The system then
proceeds to phase D3.

During phase D3, as shown in #, ~ f3 in Figure 3 and
Figure 4(c), Q1, Oz, and Qs are all turned on and Q3 and
Q4 are off. Since iy, rises from zero to positive and /ps also
rises from zero to positive. At this moment, i; is positive,
and its conducting path is formed by L;, Vi,, O1, Q2, and C;.
A conducting path for i,, which consists of L,,, Qs, Vj,, and
0 is formed. Phase D3 continues until Q; and Qs are cut off.
Subsequently, the system embarks on phase Dj.

In this phase, as shown in the 73 ~ t4 period in Figure 3 and
Figure 4(d), Q> is turned on, and Q1, O3, Q4, and Qs are off.
Because no energy can be passed to the circuits of the inner
or the outer coils from Vj, through any power transistors,
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this period is called dead time. At this moment, /p; and /ps
become zero because Q; and Qs are turned off. Q» is con-
tinuously turned on, but the passing current of O, switches
from i; to i,,. Hence, I, turns from positive to negative, and
the parasitic capacitances of Q3 and Q4 discharge, so Ip3
and /g4 gradually increase from negative. Since i; and i,, are
both continuously positive, a conducting path for i; is formed
through L, the body diode of Q3, and C;. Another conducting
path for i, composed of L,,, Cy,, the body diode of Q4, Vi,
the body diode of O3, and Q> is formed. This phase continues
until Q3 and Q4 are turned on, which will mark the beginning
of working phase Ds.

5) PHASE Ds (ty ~ ts)
In phase Ds, as shown in the period #4 ~ t5 in Figure 3 and
Figure 4(e), 02, O3, and Q4 are turned on, while Q1 and Qs
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are turned off. Since the voltages across Q3 and Q4 drop to
zero in phase D4, while Ip3 and Ip4 are negative and rise
gradually, and flow through the body diodes of Q3 and Q4.
Therefore, the ZVS is achieved when Q3 and Q4 are turned
on in this phase. In this instant, i, and i,, are still positive.
Hence, a conducting path for it is formed by L;, O3, and C;.
Another conducting path for i,, consisting of L,,, Cy,;, Q4, Vin,
03, and Q> is formed. When it drops to zero, phase Ds ends
and the system enters phase Dg.

6) PHASE Dg(ts ~ tg)

In this phase, as shown in the #5 ~ fg period in Figure 3 and
Figure 4(f), O», O3, and Q4 are all turned on, while Q1 and
Qs are off. At this point, because iy, is still positive and passes
through Q3, Ip3 rises from negative to zero. Meanwhile, i,
turns from positive to negative, and a conducting path for i; is
formed through L;, Cy, Q», Ly, Cn, Qs, and V. Also, since i,
is gradually decreasing, a conducting path is formed for i, by
Ly, Cp, Q4, Vin, O3, and O, until the power transistor current
Ip3 rises to zero. Phase Dg is then completed and phase D7
begins.

In phase D7, as shown in the fg ~ #; period in Figure 3 and
Figure 4(g), 02, O3, and Q4 are turned on, while Q1 and
Qs are turned off. At this point, because Q3 is continuously
turned on and its passing current changes from i, to i;, with
i; being negative, so Ip3 turns from zero to positive and
gradually rises. A conducting path for i; is formed by L;, C;,
and Q3. iy, is positive and a conducting path for i, is formed
through L,,, Cy,, Q4, Vin, L;, Cy, and Q>. Phase D7 ends and
phase Dg begins when i, drops to zero.

In phase Dg, O>, O3, and Q4 are turned on, while Q1 and
Qs are switched off, as illustrated in the 7 ~ tg period in
Figure 3 and Figure 4(h). At this point, because Q4 is turned
on and its passing current i, keeps decreasing from zero,
therefore, Ip4 keeps increasing from zero. In this instant, i; is
still negative, a conducting path for i; is formed by L;, C;, and
Q3. Further, i,,, turns from zero to negative, and a conducting
path is formed by L,,, Q>, O3, Vin, Q4, and C,,. This phase
continues till Q3 and Q4 are cut off, which also marks the
beginning of phase Dyg.

In this phase, as shown in the fg ~ t9 period in Figure 3 and
Figure 4(i), Q> is turned on, while Q1, O3, Q4, and Qs are
all turned off. Since no energy can be delivered to the circuits
of the inner or the outer coils from Vj, through any power
transistors. Hence, this period is called dead time. In addition,
Ip3 and Ip4 change from positive to zero due to the cut-off of
Q3 and Q4. While Q7 is continuously turned on, the current
passing through changes from i, to i;. Thus, /g turns from
positive to negative. Further, the parasitic capacitances of Q;
and Qs are discharged, so the negative currents Ip; and Ips

70837



IEEE Access

T.-C. Hung et al.: Development of a Coaxial Dual-Coil Induction Heating System

A A
v 1o
» ¢
Vesa >
>t
Io i L
- » ¢
, [E— -
>t
@;1 o
Vi
» ¢
- =
i LN Ios — .
= L i =
i N ~_ N I >
Ios
v L b lals 15 Iy 15 Iolio

o hibh Lals g 17 I3 tolio

FIGURE 5. Time waveforms in outer loop power supply mode.

continue decreasing. Since i; and i,, are both negative and
continue to flow, it forms a conducting path for i; through L,,
Cy, O, the body diode of Q1, and Vj,. Another conducting
path consisting of L, the body diode of Oy, Vi,, the body
diode of Qs, and C,, is formed for i,,. This phase continues
until Q1 and Qs are turned on and the system returns to phase
D; to repeat.

B. MODE B. OUTER LOOP POWER SUPPLY MODE

1) PHASE O, (t5 ~ t1)

Figure 5 and Figure 6 are respectively the circuit time wave-
forms and circuit action schematic diagrams during the outer
loop power supply mode. As shown in Figure 5 during #y ~
t1 and Figure 6 (a), Q1 and Qs are both turned on, and Q»,
03, and Q4 are all cut off. In the previous phase, the voltage
across Q1 and Qs are both zero, while /g and /s are negative
and rise gradually, flowing through body diodes of Q; and
Qs. Therefore, in this phase, the ZVS is achieved when QO
and Qs are turned on. i,, flowing through the outer coil and
its compensation circuit is negative, and a conducting path is
formed by Q1, Vin, Os, Cp, and Ly, for iy,. i; flowing through
the inner coil and its compensation circuit is also negative,
and a conducting path is formed by Q1, Viy, L;, C;, and the
body diode of Q. Phase O; continues until i, rises to zero,
which also marks the beginning of phase O,.

2) PHASE O, (t; ~ t)

In phase O,, Q1 and Qs are both turned on, and Q», Q3,
and Q4 are all turned off as shown in the period #; ~ #; in
Figure 5 and Figure 6(b). Since i, continues to rise from zero
to positive, Ips also continues to rise from zero. i, passes
through L,,, C,, Os, L;, C;, and the body diode of Q;, which
constitute a conducting path. While ; is still negative in value,
a conducting path is formed through L;, C;, the body diode
of 0>, Q1, and Vj,,. This phase continues till /p; rises to zero
which concludes phase O, and starts phase O3.

3) PHASE Os (t, ~ t5)

In phase O3, Q1 and Q5 are both on, and Q», O3, and Q4 are
off as shown in the period  ~ f3 in Fig. 5 and Fig. 6(c).
At this point, Q1 continues to be turned on, while its passing
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current changes from i; to i,. i,, continues to rise, so Jp| turns
from zero to positive and gradually rises. A conducting path
for iy, consisting of L,,, C;, Os, Vin, and Q1 is formed. i is
negative, and its conducting path is formed through L;, C;,
the body diode of Q», L, Cp,, and Qs. This phase continues
until #; rises to zero. This marks the end of Phase O3 and starts
Phase O4.

In this phase, as illustrated in the period 3 ~ #4 in Fig. 5 and
Fig. 6(d), Q1 and Qs are both on, and Q», O3, and Q4 are
off. Meanwhile, Ip; and Ips are also positive and continue to
rise, and the other currents Ip;, Ip3, and Ip4 are zero because
im 1s positive and continues to rise and i; is zero. i, has a
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conducting path composed of L,,, Cy,,, Os, Vin, and Q1. This
phase continues until Q1 and Qs are cut off to complete phase
Oy and start phase Os.

In this phase, as shown in the #4 ~ f5 period in Figure 5
and Figure 6(e), all power transistors are cut off. Because
the input power source (Vj,) is unable to deliver energy to
either the inner or outer coil through any power transistor,
this period is usually called dead time. At this moment, /o
and /ps become zero because Q1 and Qs are turned off. Since
the parasitic capacitances of O, O3, and Q4 are discharged,
Ipo, Ip3, and Ip4 gradually rise from negative. Note that i,
and i, are both positive and continuously flowing, L,,, Cp,,
the body diode of Q4, Vi,, and the body diodes of Q3 and
O, form a conducting path for i,,. Another conducting path
is formed by L;, the body diode of Q3, and C; for i;. Phase
Os5 concludes when Q;, O3, and Q4 are turned on, which also
marks the beginning of phase Og.

6) PHASE Og(ts ~ tg)

In this phase, as shown during 75 ~ f¢ in Figure 5 and
Figure 6(f), 02, O3, and Q4 are turned on, while Q1 and Qs
are off. In phase OS5, because the voltage across Q», O3, and
Q4 are zero, while Igo, Ip3, and Ips are negative, gradually
increasing and flowing through body diodes of Q», O3, and
Q4. Thus, ZVS is achieved in Q», 03, and Q4. Meanwhile,
i 1s positive and continues to decrease. A conducting path is
formed through L,,, C,, Qa, Vi, O3, and Q> for iy,. Further,
the load is heated. Another conducting path is formed through
L;, O3, and C; for i;. Until i;, drops to zero to complete phase
Og. This also starts phase O7.

7) PHASE O(tg ~ t7)

In phase O7, as shown in the t ~ t7 period in Figure 5
and Figure 6(g), O», O3, and Q4 are turned on, while Qg
and Qs are off. Ipy and Ip4 turn from zero to positive and
continue to rise because i, turns from zero to negative.
A conducting path for i, consists of L,,, O, C;, L;, Vi,
Q4, and C,,. Another conducting path is formed by L;, O3,
and C; for i;. This phase continues until /p3 rises to zero
to complete phase O7. Subsequently, the system proceeds to
phase Og.

In this phase, as shown in the 77 ~ tg period in Figure 5 and
Figure 6(h), 0>, O3, and Q4 are turned on, and Q; and Qs
are turned off. At this moment, because Q3 is continuously
turned on while its passing current changes from i; to iy,.
Moreover, i,, continues to be negative. Hence, Ip3 turns from
zero to positive and gradually rises. A conducting path of iy,
consisting of L,,, Q», O3, Viy, Q4, and Cy,, is formed. For i;,
this conducting path is formed by L;, Vi,, Q4, Cp, Ly, O3,
and C;. Phase Og ends when i; drops to zero. This also starts
phase Og.

VOLUME 12, 2024

9) PHASE Og(tg ~ to)

In phase Oy, as shown in the 3 ~ f9 period in Figure 5 and
Figure 6(i), 02, O3, and Q4 are turned on, while Q1 and Qs are
off. At this moment, i; changes from zero to negative, while
Q3 is continuously turned on and its passing currents are i
and iy, thus, I3 rises quickly. In addition, because Q> and Q4
are continuously turned on, and the passing current switches
to i, the increase of I and Ip4 subside. L, Q2, 03, Vin, O4,
and C,, form a conducting path for i,. Another conducting
path for #; is formed by L;, C;, and Q3. Phase Og ends when
0>, 03, and Q4 are cut off, which also starts phase O1g.

]O) PHASE O]O(tg ~ t]o)

In phase Oq9, as shown in 9 ~ #1¢ in Figure 5 and Figure 6(j),
all power transistors are turned off. Because the input power
source (V;,) cannot deliver energy through any power transis-
tors to either the inner or the outer coil, this period is called
dead time. At this moment, I3 and Ip4 become zero because
03 and Qg4 are turned off. The current passing through O;
changes from iy, to i;. Thus, Iy turns from positive to neg-
ative, and the parasitic capacitances of Q1, Q2, and Qs are
discharged. Ip1, 12, and Ips gradually increase from negative
values as a result. Because i; and i,, are both negative and
continue to flow, a conducting path of i, is formed by L,,,
the body diode of Qj, Vi,, the body diode of Qs, and C,,.
Another conducting path for #; is formed by L;, C;, the body
diodes of Q> and Q1, and Vj,,. This phase concludes when Q;
and Qs are turned on again. This system will return to phase
O and repeat the process.

C. MODE C. INNER LOOP POWER SUPPLY MODE

1) PHASE Iy (tg ~ t;)

Figure 7 shows the time waveforms of voltages and currents,
while Figure 8 is the circuit action schematic diagram of the
inner loop power supply mode. As shown in the 7y ~ #; period
in Figure 7 and Figure 8 (a), Q1 and Q> are turned on, and Q3,
Q4. and Qs are off. In the previous phase, the voltages across
01 and Q> are zero, and Ip| and I, are negative, gradually
rising and flowing respectively through their body diodes.
Therefore, in this phase, ZVS is completed in Q7 and Q5.
The current i; of the inner coil and its compensation circuit
is negative, and a conducting path for i; is formed through
01, Vin, Ly, Cy, and Q. The current iy, passing through the
outer coil and its compensation circuit is also negative, and a
conducting path for i, is formed by Q1, Vi,, the body diode
of Qs, Cy,, and L,,. Phase I; ends when i, rises and reaches
zero. This also marks the beginning of phase I5.

In this phase, as shown in the #; ~ f; period in Figure 7 and
Figure 8(b), Q1 and Q5 are turned on, while O3, Q4 and Qs
are off. Since i, turns from zero to positive at this moment
and continues to rise, /o> also turns from zero to positive and
continues to rise. A conducting path for #; is formed by Q», C;,
L;, the body diode of Qs, Cp,, and C,,,. Meanwhile, i, is still
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negative, a conducting path is formed by Q1, Vi, the body
diode of Qs, Cy,, and Ly,. This phase ends when Iy rises to
zero, which also marks the beginning of phase I3

In phase I3, as shown in the #; ~ #3 period in Figure 7 and
Figure 8(c), Q1 and Q> are turned on, while O3, Q4, and
Qs are off. Q; is continuously turned on, while the passing
current changes from iy, to i;. Hence, Ip| turns from zero to
positive and #; continues to be positive and rising. Moreover,
a conducting path for i; is formed through L;, Vi, Q1, O3,
and C;. However, i, is still negative and continues to rise.
A conducting path for i, is formed through L,,, Q», C;, L,
the body diode of Qs, and C,,. Phase I3 ends when i, rises to
zero, which also embarks on phase 1.

In this phase, as shown in the period #3 ~ #4 in Figure 7 and
Figure 8(d), Q1 and Q> are turned on, while O3, Q4, and Qs
continue to be off. Since i, starts to rise from zero to positive
at this moment, its current flows from the body diode of Qs to
the body diode of Q4, 50 Is is zero and /4 starts to turn from
zero to negative. In this instant, #; continues to be positive and
starts to decrease. A conducting path for i; is formed by L,
Vin, Q1, Q2, and C;. Meanwhile, a conducting path of i, is
formed by Q1, Ly, Cy, and the body diode of Q4. This phase
ends when Q) is cut off. Subsequently, phase Is starts.

5) PHASE I5(t; ~ ts)

In this phase, as illustrated in the #4 ~ #5 period in Figure 7 and
Figure 8(e), O is turned on, while Q1, O3, Q4, and Q5 are all
off. Since the input cannot deliver energy to either the inner or
the outer coil, this period is called idle time. At this moment,
Ip1 becomes zero because Qg is turned off. However, 0
continues to be turned on with the passing current changes
from i; to i,,. Hence, Iy, turns from positive to negative, and
the parasitic capacitance of Q3 is discharged, therefore, /o3
gradually rises from negative. Since both i; and i, are positive
and flow continuously, a conducting path for i, is formed by
L;, the body diode of Q3, and C;. Further, a conducting path
for iy, is formed by a conducting path by L,,, Cy,, the body
diode of Qu, Vi, the body diode of Q3, and Q5. This phase
ends when Q3 is turned on, which also starts phase I¢.

In this phase, as illustrated in 5 ~ t¢ in Figure 7 and
Figure 8(f), 0> and Q3 are turned on, while Q1, Q4 and Qs are
all off. Because during phase IS5, the voltage drop across Q3 is
zero, Ip3 is negative and gradually rising. Thus, Q3 achieves
zero-voltage switching (ZVS). Meanwhile, both the inner and
outer coils current i; and i, are positive, a conducting path
for i; is formed by L;, O3, and C;. A conducting path is formed
for i,,, which consists of L,,, Cy,, the body diode of Qu4, Vi,
03, and Q. Phase I concludes when #; drops to zero, which
also commences phase I.
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FIGURE 7. Time waveforms in inner loop power supply mode.

In this phase, as indicated in #, ~ t; in Figure 7 and
Figure 8(g), 0> and Q3 are turned on, while Q1, Q4, and Qs
are off. Since i; turns from zero to negative, a conducting path
is formed for i; by L;, C¢, Oz, Ly, Cyyy, the body diode of Oy,
and Vj,. A conducting path is formed for i,, which consists
of L,,, Cy,, the body diode of Qu, Vi,, O3, and Q. Phase Iy
ends when I3 rises to zero, which also marks the beginning
of phase Ig.

In phase Ig, as shown in #; ~ tg in Figure 7 and Figure 8(h),
Q> and Q3 are turned on, while Q;, Q4 and Qs are off.
In this instant, because Q3 is continuously turned on and
its passing current changes from i, to i;, and i; continues
to be negative, so Ip3 turns from zero to positive and rises
gradually. A conducting path for i, is formed by L;, C;, and
Q3. A conducting path for iy, is formed by L,,, Cp,, the body
diode of Qu, Viy, L;, C;, and Q>. This phase ends when i,
drops to zero, which also marks the beginning of phase Ig.

In this phase, as shown in the period g ~ f9 in Figure 7 and
Figure 8(i), 0> and Q3 are turned on, while Q1, Q4, and Qs
are off. At this moment, i,, turns from zero to negative, i; is
negative and starts to rise, Q> is continuously turned on and
its passing current is in,, so /gy turns from zero to positive. 03
is also continuously turned on, with its passing current being
i; and iy, so the increase of Ip3 is slowed down. In addition,
due to the change of direction of the iy, the current changes
in the route from the body diode of Q4 to flowing through the
body diode of Qs, so Ip4 is zero and Ips starts to turn from
zero to negative. A conducting path for i; is formed by L;, C;,
and Q3. A conducting path is formed for i, by L,,, Q2, O3,
the body diode of Qs, C,,. This phase ends when Q3 is cut
off, which also starts phase Ijg.

10) PHASE l1g (t5 ~ t10)

In this phase, as shown in the 9 ~ tjo period in Figure 7
and Figure 8(j), Q> is turned on, and Q1, O3, Q4, and Q5 are
all off. Because the input cannot deliver power to either the
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inner or the outer coil, this period is called idle time. In this
instant, /p3 becomes zero because Q3 is turned off, while 0>
remains turned on with the passing current changes from i,, to
i;. Hence, I turns from positive to negative, and the parasitic
capacitance of Oy is discharged. Moreover, the current of /p;
gradually increases from negative. Since i; and i,, continue to
flow and are both negative, a conducting path is formed for
ir by L;, Cy, O, the body diode of Q1, and Vj,. A conducting
path for i,,, consisting of L,,, the body diode of Q1, Vj,, the
body diode of Qs, and Cy, is formed. This phase is concluded
when Q is turned on again. Subsequently, the process returns
to phase I; to repeat.

IV. RESONANT CIRCUIT ANALYSIS
To optimize the heating efficiency, this paper will carry
out parameter analysis for the coaxial dual-loop coil with
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FIGURE 9. Dual series resonance equivalent circuit diagram.

a double series resonant architecture circuit. Because the
composite bridge-type inverter circuit proposed in this article
is combined with the coaxial dual-loop coil to switch the
heating modes, and then achieve the maximum power output
by aligning the magnetic field with ferrite. Therefore, this
section starts with an analysis of the dual-loop power supply
mode and then checks if the resonance parameters calculated
in this mode, are appropriate for the outer loop power supply
mode and the inner loop power supply mode. The main reason
is that during the heating process, the dual-loop power supply
mode is the main mode of operation, the inner loop power
supply and the outer loop power supply are subsidiaries
during the heating process. Therefore, the circuit parameters
for the dual loop power supply mode must be used to ensure
its parameters are suitably chosen to achieve optimal heating
performance. Figure 9 is the dual series resonance equivalent
circuit diagram used in this paper. Some heating effects are
achieved through mutual inductance, and the reheating can
be made more quickly through the coil warmth preservation
effect.

Here, L,, and C,, are the resonant inductance and resonant
compensation capacitor of the outer heating coil. L, and
C; are the resonant inductance and resonant compensation
capacitor of the inner heating coil. R,, and R; are the cor-
responding heating load equivalent resistance of the outer
heating coil and the inner heating coil. M,,, is the mutual
inductance between the outer heating coil and the inner
heating coil. According to Kirchhoff’s voltage law, the loop
equation is as follows:

Vi = i (Rm + joLy + ) + i joMp) (1)

JoCp

1
Vi = im (joMpy) + i (Rt + joL; + - ) )
JoC;

Simplifying equations (1) and (2) facilitates subsequent
calculation of the compensation capacitance, this section
expresses the equivalent impedance of the inner coil, the
resonance compensation capacitance, and its equivalent resis-
tance as Z;, while the equivalent impedance of the outer coil,
the resonance compensation capacitance, and its equivalent
resistance is represented by Z,,, as shown in the following
formula:

Zy = R + joLs + -
]a)Ctl 3)

Zm = Rip + joLny +

joCn
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By using (1), (2) and (3), the parameters of the loop
equation are expressed in terms of an inverse matrix as (4).
The current i, of the outer heating coil and inner heating coil
current i, can be obtained by formula (4) in the following:

. . —1
Im | _ Zm JoMp: Vm
it JoMy Z; Vi

Z; —joMm
_ | Znzi+e?m2, ZmZi+w*M2, Vi (4)
- —JOMmny m Vi
ZmZi+ M2, ZmZi+w*M2,
. VimZy — jviwMyy
= ——"——— )

ZnZs + w?M2,
i = ViZy = jvm@Mp: 6)
ZnZi + 0*Mp,

The voltage and current of the inner and outer coils have
been derived respectively. Since the coaxial dual-loop coil
is used in this paper, the influence of the dual-loop coil
and its mutual inductance on the equivalent impedance must
be considered. Therefore, to consider the equivalent input
impedance of the dual loop and its mutual inductance, the
voltage and current of the inner and outer loop coils are
calculated to obtain the following:

Vin VindmZy + wzva,%,[

Iy in=— = 7

- im VmZy — JvioMpy @
V¢ VthZt + w2vtM31,

Ziin=—= . ®
3 Vil — JVmOMpy

It can be observed from (7) and (8) that there must
be three parameters of Z,, Z;, and M, in the equivalent
input impedance Z; ;, and Z, ;j;. Which means that not
only the independent equivalent load is considered, but the
influence of mutual inductance also needs to be consid-
ered in the calculation of equivalent impedance. However,
it is impossible to compute an appropriate inner and outer
coil resonance compensation capacitance at the same time.
Therefore, to establish a successful coaxial dual-loop coil
resonance structure, the resonance compensation capacitor
method in one of the heating coils must be selected first,
then the resonance compensation capacitor of the other heat-
ing coil based on the calculated parameters of the selected
resonant compensation capacitor along with its resonance
characteristics. Here, the compensation capacitance of the
outer coil is set first as shown in Figure 10, which shows
the equivalent circuit diagram of the outer coil, its resonant
compensation capacitor and equivalent resistance. Further,
(9) is established according to Kirchhoff’s voltage law and
followed by the impedance derivation in (10).

1
Vm = im (Rm + joLy + - ) 9
JoCp

! 10
a)Cm) (10)

To optimize the heating effect, the imaginary part of the
impedance must be set to zero for impedance matching as

Zm=Rn+j (a)Lm -
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shown in (11). The resonant compensation capacitor Cy, is
deduced from (11) as shown in (12):

1

0=wL, —
WLy wC,,

(1)

(12)

From the above equation, the resonance compensation
capacitance of the outer coil can be obtained, and its param-
eter value can be set. Next, consider the construction of
the dual-loop heating coil, the compensation capacitance
obtained from merely the coil of the outer loop is substituted
back to the input impedance Z; ;, of the inner loop that
has considered the influence of the dual-loop and mutual
inductance. Hence, C,, is substituted back to (8) as follows:

Vi (RnZi + 0*M2))
iRy — joMyvin
[vi (RmZs + @*M2,)] ViR + joMipt Vi)
ViR — joMuvine) (ViR + joMuntVint)
V2R2Z, + &*M2, VR,
vterzn + a)2v3nM,%”
jw (vmvtRmMm,Zt + a)zvmvtM,fn)
+ 2p2 2.2 172
ViR;, + wva M,
Next, set the imaginary part of the formula (13) to zero as
follows:

Zt_in =

(13)

. jw (vmv,RmMm,Z, + wzvmv,Msn)
ViR + & (VM)

Finally, C; can be obtained by rearranging equation (14),
as in (18):

(14)

Vi RuMo Z, = —0* v M, (15)
1 —w*M?
Z, =R, + joL, + = ——" (16
t t T JwLy J@C,; R, (16)
1 RiRy+joLRy — o*My, an
ijt N Ry
R
C = - (18)

@W?LiRyy — jo (RiRy + 0*Mpy)

Based on the derivation of the above formula, the com-
pensation capacitance of the inner and outer coils can
be obtained. Further, a resonance characteristic analysis is
carried out via simulation according to the resonance com-
pensation capacitance of each resonance tank obtained from
the formulas (12) and (15). Since the compensation capaci-
tance makes its impedance resistive, to achieve zero-voltage
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switching (ZVS) and sufficient current gain, its resonant tank
characteristics must be adjusted. In this paper, 30 kHz is set
as the operating frequency to observe the impact of differ-
ent resonance compensation capacitances on the impedance
phase and current of the resonance tank. Figure 11 shows
the resonance impedance phase Bode diagram with different
resonance compensation capacitance at 70%, 80%, 90%, and
100% of the preset values C; and C,. Figure 11(a) and (b)
demonstrate the influence of resonance compensation capac-
itors on the impedance phase of the resonance tank for the
inner heating coil and the outer heating coil, respectively.
In Figure 11(a) for the inner heating coil at 30 kHz, when
0.7 C; and 0.8 C; are selected, the impedance phases are all
below 0 degrees and the input equivalent impedance of the
inner coil will appear capacitive. When 0.9 C; and C; are
selected, the impedance phases are above 0 degrees, and the
input equivalent impedance of the inner loop will both be
inductive. Observing the impedance phase chart of the outer
heating coil in Figure 11(b), when 0.7 C,, is selected, the
impedance phase is below 0 degrees, and the input equivalent
impedance of the outer coil will appear capacitive. When
0.8 Cy, 0.9 Cy,, and C,, are chosen, the impedance phases
are all above 0 degrees. As a result, the input equivalent
impedance of the outer coil will appear inductive. To make
the resonant tank inductive to meet the zero-voltage switching
(ZVS) conditions for the power transistors. The configuration
of the compensation capacitor of the dual-loop heating coil
is set as follows. 0.9 C; and C; will be chosen for the inner
coil resonance compensation capacitor, while the outer coil
resonance compensation capacitance will be set as 0.8 C,,
09 C,,, or Cy,.

Next, the resonance tank current corresponding to different
resonance compensation capacitances is analyzed, as shown
in Figure 12. Figure 12(a) shows the resonant tank currents
with different resonance compensation capacitance for the
inner heating coil. It can be noted from this figure that
although the resonant tank currents at both 0.8 C; and 0.9
C; are both high, the phase with 0.8 C; can be found to
be capacitive. While the phase with 0.9 C; is inductive, the
current ramps up to 20 A. Figure 12(b) shows the resonant
tank currents with different resonant compensation capaci-
tances for the outer heating coil. The resonant tank current
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of 0.8 Gy, is the highest, with the peak at 12.3 A. Since the
input impedance now appears resistive, zero voltage switch-
ing (ZVS) can also be achieved.

According to Figure 12, the capacitance yielding higher
current is selected and compared with the impedance phase
in Figure 11. 0.8 C,, and 0.9 C; are chosen as the resonance
compensation capacitances of the proposed dual-loop heating
coil system. Subsequently, focus on the choice of the inner
and outer loop compensation capacitors to match each other
for analysis. Figure 13 shows the impedance phase and reso-
nant current with 0.8 C,, and 0.9 C;. First, it can be observed
from Figure 13(a) that, with this choice, the impedance phase
is greater than O degrees at 30 kHz for both input impedance
Zy, from the outer loop and the input impedance Z; from the
inner loop. The system is slightly inductive and can achieve
zero-voltage switching (ZVS). It can be noted in Figure 13(b)
that the outer loop current can reach 11.8 A, while the inner
loop current can reach 24.2 A. With 0.8 C,, and 0.9 C;,
both the resultant current and impedance phase meet the
requirements set in this paper.

After confirming the resonance compensation capacitance
of the inner and outer coil resonant tanks, the impact of this
system on each resonant tank under different loads is studied
and illustrated in Figure 14. Figure 14(a) shows the influence
of different loads on the impedance phase of the inner heating
coil. It can be observed that when the operating frequency
of the system is 30 kHz, regardless of the load, the equiv-
alent resistance of the inner heating coil has an impedance
phase greater than 0 degrees, exhibiting inductive resonance
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characteristics. This is beneficial for power transistors to
achieve zero-voltage switching (ZVS). Figure 14 (b) shows
the influence of different loads on the impedance phase of
the outer heating coil. When the operating frequency of the
system is 30 kHz, the light loads (2 R; and 3 R;) render the
equivalent impedance phase of the outer heating coil nega-
tive, showing slightly capacitive. Therefore, to achieve zero
voltage switching (ZVS), its operating frequency will be set
at slightly higher than 30 kHz (about 31.5 kHz), to maintain
inductive resonant characteristics.

Figure 15(a) and Figure 15(b) show the current variation
from different loads in both heating coils. If the operating
frequency is 31.5 kHz with 0.8 C;,, 0.9 C;, and R;, the outer
coil current will be slightly lower than that of 30 kHz but
still can reach 17.3 A. The inner coil current is also slightly
lower than that of 30 kHz, but will still reach 8.9 A. It can
also be found that when the load is heavier, the current in the
resonant tank will be higher, and vice versa. The component
parameters are listed in Table 2.

V. CONTROL ARCHITECTURE AND ITS UNDERLYING
PRINCIPLE

To achieve a stable output voltage to drive the induction
heating system, the control system adopts constant voltage
and linearly adjusted output power control, by adjusting the
control signal of the power transistor for energy delivery. This
is to stabilize the constant output of energy in the heating
coil. This section will describe the control system in detail,
as shown in Figure 16(a). The control system proposed in

70844

TABLE 2. Units for magnetic properties.

Symbol Description Value
V; Input voltage 150 V
Power crystal for compound bridge IXFH44N50P
O~ 0Os commutation circuit (500 V /44 A)
L, Resonant mductzlr:)cii: of outer heating 42128 uH
I Resonant inducta;c; of inner heating 95.53 uH
c, Resonant c;ilpac.ltance. of the outer 55.33 nF
eating coil
Resonant capacitance of the inner
G heating coil 224.93 nF
R, Equivalent 1mped§2icle of outer heating 18.90 O
R, Equivalent impedan_ce of inner heating 1940
coil
M,, Mutual inductance of dual heating coils 71.50 pH

this paper includes a microcontroller, a driver circuit, and a
feedback circuit. When the main power supply provides DC
voltage V;, and DC current I;;, to the composite bridge inverter
circuit, by adjusting the operating frequency of the power
transistors, V;, is converted into high-frequency and high-
voltage driving voltage v,, and v, for the dual-loop heating
circuit. Moreover, v, and v; deliver energy to the heating load.
Subsequently, the feedback circuit samples and scales down
Vin and I, to convert them into DC feedback voltage signal
Vvin and current signal Vp;, for feeding into the microcon-
troller. The microcontroller will digitize the signal (Vi gig
and Vi 4ig) and compare them with the voltage and current
reference Vvyip rer and Vi oy and compute the error voltage
value (eyi, and eji,). After the computation, judgment, and
processing by the internal compensator, drive signals are gen-
erated by the frequency modulation module at 41, finner, and
Souters the corresponding operating frequencies. Moreover,
these signals of the corresponding operating frequencies are
amplified to vgy1-vgs5 by the power transistor driving circuit,
and the power transistors are controlled properly by vy to
Vgss, Which can effectively stabilize the power of the heating
coil and achieve a good heating effect.

Finally, the control process of the microcontroller will
be explained. As shown in Figure 16(b), the proposed
bridge-type induction heating system with a flexible switch-
ing mechanism can achieve stable heating effects according
to the selected power supply mode in this paper. Therefore,
the output power will be calculated according to the input
voltage and input current, and the operating frequency of the
power transistor will be adjusted according to the change.
In the initial state of the system, the power supply mode needs
to be selected, and the power level P and the operating
frequency f; will be set as reference values for power mode
selection, to prevent the system from being faulty in the initial
state and causing invalid control. After setting the power level
P and the operating frequency f, the system will detect
the input feedback V;, and I;;, and calculate the value of the
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FIGURE 16. Schematic diagram of the control structure of the compound
bridge converter circuit system, (a) Control block diagram of induction
heating system, and (b) Microcontroller and feedback control flow chart.

current input power Pj,_g,. Then, P;;,_g will be compared with
the power level P,r. If the input power Pj, g is lower than
the power level P, this means that the induction heating
effect has not reached the preset goal. As a result, the oper-
ating frequency f; of the power transistors Q1-Qs will be
reduced, so that the resonant characteristic of coil-circuit can
be changed to be more resistive to increase the input power.
When the current input power P;;,_g is greater than the power
level Py.f, it means that the induction heating effect exceeds
the preset goal. At this moment, the operating frequency f;
of the power transistors Q1-Qs will be increased to deviate
the operating frequency and reduce the input power. If the
input power P;, s is equal to the power level Py, it means
that the induction heating effect meets the desired goal, and
the operating frequency f; of Q1-Qs will be maintained.
After comparing Pj,_s» and Py, if the power supply mode is
updated, the system will update the power reference P,.r and
the default operating frequency f; and compare the incoming
power Pj, s with the power level P, to ensure stable input
power. If the power supply mode is not updated, the system
control will be used to repeatedly detect and calculate Pj;_gp.
Moreover, Pj,_g will be continuously compared with power
level P.r to ensure the stability of the output power.

VI. EXPERIMENTAL RESULTS
To verify the flexible switching mechanism and the feasibility
of the circuit hardware and its control proposed in this paper,
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FIGURE 17. Driving signal waveforms of power transistors in dual-loop
mode, (a) driving signals of Q; and Q3, and (b) driving signals of Q; and
Qs (V_gsl: 10 V/div, vgg3: 10 V/div, vggs: 10 V/div, vges: 10 V/div, Time: 10
us/div).

a prototype hardware has been built in the laboratory for
experiments, and verifications will be discussed in different
modes which include dual-loop power supply mode, inner-
loop power supply mode, and outer-loop power supply mode.
Further, the resonance characteristics, zero voltage switching
(ZVS), and the relation between nodal voltage and the duty
cycles of the power transistors are analyzed during each
mode. Finally, the operating modes changing and heating
capability of the proposed composite bridge circuit are ver-
ified by these test results, including operations in heating
scenarios and temperature distributions on the load.

First, verifications are carried out on the dual-loop power
supply mode. In this mode, both coils are in the main heating
state, and the power transistors Q1 and Qs are simultaneously
both turned on or cut off. The power transistors Q3 and
Q4 are also turned on or off at the same time. The power
transistor O, is always on. The switching of transistors (Q
and Q3) and the switching of transistors (Q4 and Qs) are
mutually complementary. Figure 17(a) and (b) are driving
signal waveform diagrams of power transistors, where the
conducting periods of power transistors Q1 and Qs are oppo-
site to those of Q3 and Q4. Figure 18 presents the voltage
and current waveform diagram of the resonant tank of the
inner and outer coils in the dual-loop power supply mode.
When the heating system operates in this mode, the phase of
the voltage and current in both coils (v, i, V¢, and i;) can
be observed from this figure. The currents lag the voltages
by an angle (), and 6;), respectively. This also indicates that
when the dual-loop power supply is used, both the inner and
outer coil resonant tanks are operating inductively, in which
condition the zero-voltage switching (ZVS) can be achieved.
Figure 19 shows the voltage and current waveform diagrams
of the power transistors in the dual-loop power supply mode.
From Figure 19(a) and (b), the voltage and current between
Q1 and Q3 and the relationship between the voltage and
current between Q4 and Qs can be observed, the voltage
and current waveforms marked with red circles show that
the power transistors of the system can indeed achieve zero
voltage switching (ZVS) in this mode. The aforementioned
waveforms have demonstrated the circuit actions and the
status of the power transistors in the dual-loop power supply
mode.

The heating effect will be explained in the following.
Figure 20 shows the temperature variations in time and heat
distribution over the heated load in the dual-loop power
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FIGURE 18. Voltage and current waveforms of the inner and outer coil
resonance tank in dual-loop mode. (vmm: 200 V/div, im: 10 A/div, v;: 200
V/div, i¢: 10 A/div, Time:10 ps/div).
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FIGURE 19. Current and Voltage waveforms of power transistors in
dual-loop mode, (a) voltage and current of Q, and Qs, and (b) voltage
and current of Q4 and Qs (Vg : 100 V/div, iysy: 10 A/div, vgs3: 100 V/div,
igs3: 10 A/div, Vgsq: 100 V/div, iggs: 5 A/div, vggs: 100 V/div, iggs: 5 A/div,
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FIGURE 20. Load temperature change and distribution in dual-loop mode,
(a) the relationship between temperature and time, (b) temperature
distribution status, and (c) thermal imaging measurement photo.

supply mode. Figure 20(a) shows the relationship between
temperature and time. Since the system output power is up
to 1400 W in this mode, it only takes 60 seconds to heat up to
105.2 degrees Celsius. From Figure 20(b), it can be observed
that the heat distribution of the dual-loop power supply mode
is quite even, and the average temperature of the 7 spots on the
heated load is about 100 degrees Celsius. Figure 20(c) shows
a photo taken by the thermal imager which confirms this,
for the colors on the photo appear to be very similar, which
implies uniform heating. The experiment results in Figure 20
show that this system is capable of fast and uniform heating
when working in the dual-loop power supply mode.

In this section, verifications are analyzed for the outer loop
power supply mode. In this mode, the outer loop coil is the
main heating coil, since mutual inductance and the turning off
of power transistors occur, while there is a current passing
through the inner coil and generating a magnetic field. The
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FIGURE 21. Driving signal waveforms of power transistors in outer-loop
mode, (a) driving signals of Q; and Qjs, and (b) driving signals of Q,, Q3,
and Qg. (vgsy: 10 V/div, vge5: 10 V/div, vgsy: 20 V/div, vgg3: 20 V/div,
Vgsa:20 V/?ilv, Time:10 [LS/dIV)

v/” ’ »
P A L lm \ . .
M . > d ‘\ \ /’ ‘\
Y o g ~ 7 \
L} 0y ,gm qp A
Vi = b > b
L BALREN

FIGURE 22. Voltage and current waveform diagram of outer ring resonant
tank in outer ring power supply mode. (vm: 100 V/div, im: 5 A/div, v;:
100 V/div, i¢: 5 A/div, time:10 ps/div).

power transistors Q1 and Qs are turned on and off at the
same time, while power transistors Q», Q3, and Q4 are turned
on and off at the same time. The switching of transistors
(Q1 and Qs) and the switching of transistors (Q2, O3, and
Q4) are mutually complementary. Figure 21 is the driving
signal waveform diagram of the power transistors, in which
the conducting periods of the power transistors Q7 and Qs
are the same as shown in Figure 21(a), and the conducting
periods of O», O3, and Q4 are also the same as shown in
Figure 21(b). Figure 22 is the voltage and current waveform
diagram of the resonant tank for the inner and outer coils
operating in the outer coil power supply mode. From this
figure, it can be found that i,, lags behind v,, by an angle (6,,),
and this presents that the outer loop coil and its compensation
capacitor are inductive, which meets the condition of zero
voltage switching at this time.

In addition, because the outer coil and its compensation
capacitor are receiving the energy provided by the main
power supply, the voltage and current waveforms of the res-
onant circuit (v, and i,,) are larger than the inner loop (v;
and i;). Besides, because the inner coil will induce the energy
from the outer coil and constitute a conducting loop through
other power transistors, the resonant voltage and current in
the inner coil remain nonzero. However, because the current
of the outer coil power supply is smaller compared with that
in dual-loop power supply mode, the induced current in the
inner coil part is almost zero. It is noted that because the
inner coil is not powered in this mode, a resonance occurred
due to the self-inductance or leakage inductance of the inner
coil and its compensation or stray capacitance, the resonance
voltage of the inner coil exhibits an oscillation before drop-
ping to zero. Since this resonant tank is inductive and meets
the zero-voltage switching (ZVS) condition, the zero-voltage
switching is verified in the following. Figure 23 shows wave-
form diagrams of the voltages and currents of the power
transistors in the outer loop power supply mode. Figure 23 (a),
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FIGURE 23. Waveform diagram of power crystal voltage and current in
outer loop power supply mode, (a) voltage and current of Q,, (b) voltage
and current of Q, and Qs, and (b) voltage and current of Q4 and Qs.
(Vgs1: 100 V/div, iggy: 5 A/div, vggy: 100 V/div, igsy: 5 A/div, vyss:

100 V/div, igs3: 5 A/div, vgsq: 100 V/diV, igs: 5 A/diV, vggs: 100 V/div, iggs:
5 A/div, time:10 ps/div).

(b), and (c) are the voltage and current waveform diagrams of
01, 0> and O3, Q4 and Qs respectively. It can be confirmed
from the figure that all power transistors can achieve zero
voltage switching (ZVS) in the outer coil power supply mode.

The above evaluates the hardware circuit and its control.
Next, the heating effect will be analyzed in the follow-
ing. Figure 24 shows the load temperature change in time
and heat distribution in the outer loop power supply mode.
Figure 24(a) shows the temperature of the outer coil over
time. It can be observed from the diagram that the temper-
ature can reach 43.6 degrees within 60 seconds. Note that
this mode mainly heats the outer coil with a 170 W power
supply. Further, in Figure 24(b), it can be observed that the
hottest spots are at point B and point F with a temperature
of about 51 degrees Celsius. This is confirmed by the actual
photo taken by the thermal imager as shown in Figure 24(c),
in which the temperature at the outer spots is higher than those
located near the center. In this power supply mode, the outer
coil can indeed be heated independently, and its local heating
effect is apparent. Given the above, the system achieves the
desired effect of local heating in the outer loop power supply
mode.

Finally, the functions of the inner loop power supply mode
are explained in this section. In this mode, the inner coil is
powered for heating. Since turning off power transistors and
mutual inductance induce a current in the outer coil, it still
generates a magnetic field. The power transistors Q1 and QO3
are complementary in status. Q> is always on. Figure 25(a)
presents the driving signal waveform diagram of the power
transistors Q1 and Q3, where the conducting periods of the
power transistors Q1 and Q3 are opposite and complementary.
The voltage and current waveform diagram of the resonant
tank of the inner coil and the outer coil during the inner
coil power supply mode is shown in Figure 26(b). Note that
the resonant currents in both coils lag the voltages by an
angle (6; and 6,,), which implies that both coils along with
their compensation capacitors appear inductive, which meets
the condition of zero voltage switching (ZVS). In addition,
because the outer loop coil will induce the energy from
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FIGURE 24. Figure of temperature change and its distribution in outer
ring power supply mode, (a) the relationship between temperature and
time, (b) temperature distribution status, and (c) thermal imaging
measurement photo.

the inner loop coil and generate a current through other
power transistors and the outer loop current is smaller, the
resonant voltage and current still exist in the outer loop.
As shown in Figure 25(c), since the inductive resonant circuit
achieves zero-voltage switching conditions, the voltage and
current waveforms of Q; and Q3 are shown clearly, and
ZVS is achieved in Q1 and Q3 in the inner loop power
supply mode. In the following, the heating effect will be
analyzed in the following. Fig. 26 shows the temperature
change and heat distribution in the inner loop power supply
mode. Figure 26(a) illustrates temperature changes to time.
It can be observed from the diagram that the temperature can
reach 60 degrees within 60 seconds. Since from Figure 26(b),
the system mainly heats the central part and the output power
is only 330 W in this mode, it can be observed that the
hottest spots during the inner loop power supply mode are
at the position of point C and point E with a temperature
at about 91 degrees C. In Figure 26(c), the thermal image
shows the inner part of the load is hotter than the outer part.
Thus, in this power supply mode, the inner coil can be heated
independently, and the local heating effect is quite apparent.
Given the experimental results, in the inner coil power supply
mode, the inner local heating speed and performance of this
system are as claimed.

Continuing on, validation is carried out specifically on the
efficiency aspect based on the circuit architecture shown in
Figure 1(a). R, and R; are utilized separately as dummy
loads for heating and driving loops, with an input voltage
of 150 V. The proposed circuit achieves a maximum effi-
ciency of 96.2%, as depicted in Figure 27. Subsequently,
in Dual loop mode operating under light, medium, and heavy
loads, the system efficiencies are 95.1%, 95.3%, and 95.8%
respectively. In the outer loop power supply mode under
the same load conditions, the efficiencies are 95.2%, 95.4%,
and 95.9%. Lastly, under the inner loop power supply mode,
efficiencies are 95.5%, 95.7%, and 96.2% for light, medium,
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FIGURE 26. Temperature change and heat distribution in the inner loop
power supply mode, (a) the relationship between temperature and time,
(b) temperature distribution status, and (c) thermal imaging
measurement photo.

Efficiency performance
96.4%

96.2%

96.2%

TABLE 3. Performance comparison of the proposed technology.

Ref. IH Loads Transistors Diodes Power Control  Eff.
2] 3 3 0 Conditions 96%
[20] n vn 2n No 98%
[27] 3 8 0 Conditions 92%
[28] n ntl 2n Yes 96%
[29] 2 4+4 0 Conditions 91%
[12] 2 4 0 Yes 97%
Proposed 2% 5 0 Yes 96.2%

96.0%

95.4%

95.2%

Efficiency

95.0%
94.8%
94.6%

95.5%

95.2%

95.1%

95.9%

95.8%
95.4%

95.3%
== Inner loop power supply mode

Outer loop power supply mode
Dual-loop mode

Middle load
FIGURE 27. Efficiency results in different modes.

Light load Harvy load

and heavy loads. Different operation modes result in vary-
ing output powers in light to heavy loads, and the coil and
compensation capacitor reach near resonance, most power
losses occur in the power transistors. Therefore, in the inner
loop power supply mode, higher efficiency is achieved with
fewer operational power transistors. In contrast, the other two
modes show similar efficiency performances as they have the
same number of operating power transistors.

Based on the experimental results, the focus is redirected to
the induction heating drive circuit with multiple coils, which
is more similar to those in the reference literature. A com-
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*The coil-type is coaxial dual-coil architecture.

parison is made on key aspects such as efficiency, IH load,
number of power switches, number of diodes, and power
control functions as shown in Table 3. It can be observed
from this table that despite having 2 IH loads, the proposed
induction heating driving technology in this paper utilizes
a coaxial dual-coil with a flexible switching mechanism,
which allows each coil to receive simultaneous and indepen-
dent power transmission, enabling the achievement of three
different heating modes for optimizing heating uniformity.
Furthermore, compared to the number of power components
in other references, the total number of transistors and diodes
in the driving circuit proposed in this paper is relatively lower,
demonstrating promising efficiency performance.

Through the above discussion of the system hardware cir-
cuit, the control mechanism, and the heating effect in different
power supply modes, it can be noted that under the dual-loop
power supply mode, due to the supply power being larger, the
heating is faster and more uniform. Whereas in the other loop
power supply modes, the energy delivered will be smaller,
the main reason for such a design is that when the dual-loop
power supply mode is adopted and the load has been heated
to a certain temperature, depending on the need of the heating
task, only the outer coil or inner coil will be locally heated.
When there is only one loop turned on in this system, due
to mutual inductance, energy will also be induced in the
unpowered coil, and it forms a current loop through its power
transistors and generates magnetic energy to supply the load
for heating. Therefore, even for local heating needs, other
parts of the load can still receive some heat, which is ben-
eficial to the overall heating speed. Through the temperature
measurement over time, temperature measurements at multi-
ple spots and thermal imager photos, it is demonstrated that
the heating speed and performance of the proposed induction
heating system have achieved the expected results in three
power supply modes. It also proves the effectiveness of the
proposed composite bridge-type circuit, which is capable of
flexibly switching and driving the dual-loop coil structure.
In contrast with the results from earlier studies in which each
coil must have an exclusive driving circuit, this design greatly
enhances the overall competitiveness.

VIl. CONCLUSION

This paper realizes a design of the composite bridge-type
inverter with a flexible switching mechanism for a coax-
ial dual-coil induction heating system, which can indeed
enhance the heating effect. With a single inverter circuit,
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it can drive either or both sets of coils, and designate the
specific coil to heat, which greatly improves the applica-
tion flexibility. The proposed dual-coil power supply mode
mechanism, combined with the composite inverter design,
adjusts the operating frequency of power transistors to change
the resonant input voltage and current, thereby eliminating
the uneven heating of the load. In addition to the dual-loop
power supply mode, the hybrid switching design of the com-
posite inverter circuit can switch the system to operate in
the outer loop power supply mode or the inner loop power
supply mode to perform the heating task for a specific area
of the load. Through careful analysis of circuit principles,
detailed explanation of control mechanisms, and practical
tests of various power supply modes of hardware circuits,
it can be found that the composite bridge-type rectifier circuit
proposed in this article can achieve fast heating, local heat-
ing, and uniform heating effects under various power supply
modes, truly achieving high flexibility in driving dual-coil
structures. These test results will be beneficial for the design
reference and application value of the related industries of
induction heating systems, and contribute to the improvement
of industrial and everyday applications.
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