IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 9, SEPTEMBER 2020

Letters

8897

Practical Design Methodology of IH and IPT Dual-Functional Apparatus

Mina Kim ", Student Member, IEEE, Hwa-Pyeong Park, Member, IEEE, and Jee-Hoon Jung

Abstract—A domestic induction heating (IH) apparatus uses
series resonance to transfer the electric energy to the IH vessel.
Similarly, an inductive power transfer (IPT) utilizes the resonance
to transfer power to the secondary side. Therefore, the IPT function
can be integrated into the IH apparatus by sharing the IH power
stage as the primary side of the IPT. In this article, a practical design
methodology of the IH and IPT (IH-IPT) dual-functional appara-
tus is proposed. The design considerations of the IPT mode are
discussed, such as the power stage design limitation and practical
implementation to increase the compatibility to the IH apparatus.
Moreover, the design methodology of the IPT mode is provided
based on the design considerations. The validity of the proposed
design methodology is evaluated through experimental results with
an IH-IPT prototype.

Index Terms—Induction heating (IH), inductive power transfer
(IPT), resonant power converter.

1. INTRODUCTION

N INDUCTION heating (IH) apparatus that uses a high-

frequency inverter and series resonance has been widely
used as a domestic cooking appliance [1], [2]. Similarly, an
inductive power transfer (IPT) uses resonance to transfer the
power to the secondary side, which is physically separated [3],
[4]. Therefore, the IPT function can be integrated into the TH
apparatus due to their similarity. In this article, an IH and IPT
integrated (IH-IPT) apparatus is proposed with the practical
design methodology including the power stage configurations
and control scheme. The IPT mode of the IH-IPT apparatus can
operate two types of loads: resistive and dc loads. The resistive
load generates heat by consuming electric power so that it can
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be used as a wireless cooker application. Moreover, it can heat
the nonferromagnetic vessels, which cannot be heated using the
conventional IH apparatus, by using the heat generation of the
resistive load. The dc load provides dc power to the secondary
side so that it can be used as wireless charging applications.
Therefore, the IPT mode can enlarge the applications of the IH
apparatus.

Prior existing patents have introduced a conceptual IH and IPT
integrated apparatus [5]; however, it requires additional power
stage and wireless communication for the IPT function, which
decreases the cost-effectiveness of the IH and IPT integrated ap-
paratus. In [6], a switching frequency design method of the IPT
system was introduced to provide high power transfer efficiency
and output voltage controllability. However, it is only valid for
the fixed coupling coefficient, while the IH-IPT apparatus has to
operate even under the misalignment condition. In [7] and [8],
power stage design methods of the IPT system were introduced
to achieve high power transfer efficiency, desired output power,
and output voltage controllability. However, the design method
in [7] requires an additional power conversion stage at the
primary side to provide a constant current power source for the
resonant network. Moreover, another design method in [8] needs
high-quality factor and coupling coefficient, while the IPT mode
of the IH-IPT apparatus has limited quality factor and coupling
coefficient due to the fixed power stage configuration of the IH
apparatus.

Since the IPT mode of the IH-IPT apparatus has to be in-
tegrated into the conventional IH apparatus, the power stage
design of the IPT mode has specific design constraints, such
as limited primary side current and limited control method.
Besides, the IPT mode has to consider the coil misalignment
to provide user convenience. In this article, the power stage
configurations, control scheme, and resonant network design
methodology of the IPT mode are proposed using the design
considerations. With the proposed design methodology, the IPT
mode of the IH-IPT apparatus can deliver the desired power to
the load despite the limited current rating of the conventional IH
apparatus. Moreover, it can operate under the coil misalignment
condition without any wireless communications, which are used
to control the output voltage and power in the conventional
IPT system [4]. The validity of the TH-IPT apparatus and the
proposed design methodology are evaluated by experimental
results with an IH-IPT prototype system, which is developed
based on a 2.4-kW IH apparatus.
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Fig. 1. IH-IPT dual-functional apparatus: (a) IH mode with IH vessel, (b) IPT

mode with resistive load, and (c) IPT mode with dc load.

II. PRACTICAL CONSIDERATIONS OF IH-IPT
DUAL-FUNCTIONAL APPARATUS

A. Power Stage Configuration

Fig. 1 shows the power stage configurations of the IH-IPT
apparatus according to the operating modes. Fig. 1(a) shows
the TH mode, which is same as the conventional IH apparatus.
Fig. 1(b) and (c) shows the designed power stage of the IPT
mode with the resistive and dc loads based on the IH apparatus.
The secondary side circuit of the resistive load consists of the
resonant network and a variable resistive coil, which adjusts
the heat generation to change the temperature. The secondary
side circuit of the dc load utilizes an ac—dc converter to provide
constant dc power.

The IPT system has plenty of resonant topologies according
to the resonance combinations [9]. As the order of the resonance
increases, it can achieve wide power transferring distance, low
circulating current, and high-power capability. However, the
conventional TH system uses the series resonance, which has
high cost-effectiveness compared with the complex resonant
topologies. Therefore, the primary side of the IPT mode is
the series resonant tank. The secondary side design of the IPT
mode has two options: series resonance and parallel resonance
(so-called SS and SP topologies). In [9], the SS topology with
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Fig.2. Control scheme of IH-IPT apparatus: (a) Selective resonant capacitor,
(b) IH mode, and (c) IPT mode with dc load.

the leakage inductance resonance can provide a constant output
voltage. The SS topology with the self-inductance resonance and
the SP topology can provide a constant output current. However,
the constant output current type topologies can cause a safety
issue because the output voltage of them diverges under the
open load condition. Therefore, the SS topology with the leakage
inductance resonance is selected as the IPT mode of the IH-IPT
apparatus due to its natural protection feature.

B. Control Method

Fig. 2 shows the operating mode change and the control
method according to the operating mode of the IH-IPT appara-
tus. Fig. 2(a) shows the selective resonant capacitor of the IH-IPT
apparatus using a relay circuit. The selective resonant capacitor
can be designed based on the desired switching frequency of
each operating mode. The TH mode regulates the input power
according to the desired power, as shown in Fig. 2(b). On
the other hand, the IPT mode operates as a fixed switching
frequency, which is the series resonant frequency to obtain the
constant output voltage, as shown in Fig. 2(c). The output voltage
of the resonant network of the IPT mode (V) is proportional
to the coupling coefficient under the misalignment condition.
Although V, is reduced, the ac—dc converter can regulate the
constant output voltage. The control scheme of the dc load
does not require the communication between the primary and
secondary sides. If 5, becomes lower than the minimum input
voltage of the ac—dc converter, the IPT mode with the dc load
cannot operate. Therefore, the resonant network should be de-
signed to provide enough voltage to the load under the maximum
misalignment condition.

C. Current Limitation

The primary side current of the IPT mode is limited due to the
IH apparatus design. The primary side current of the IPT mode
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Fig.3. RMS value of primary side current at IPT mode according to switching

frequency with different magnetizing inductance.

at the resonant frequency can be expressed as follows:
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where Z;, is the input impedance of the resonant network,
w, is the series resonant frequency, Vi, is the effective input
voltage applied to the resonant network, and R, is the primary
side referred load resistance. Fig. 3 shows the primary side
current of the IPT mode. Both the high switching frequency and
magnetizing inductance can suppress the primary side current.
However, the magnetizing inductance is practically limited.
Moreover, high switching frequency increases the coil losses
and the quality factor, which decreases V4. Therefore, a proper
switching frequency is required to satisfy the current rating and
the required output voltage of the resonant network.

III. TPT MODE DESIGN

The resonant frequency design for the IPT mode is significant
to satisfy two factors: 1) current rating, and 2) V;,, under the
misalignment condition. The minimum and maximum switching
frequencies are determined by 1) and 2), respectively. As shown
in Fig. 3, the minimum switching frequency can be obtained by
following equation not to exceed the current limitation

1

L Tom _ 1
VT

where w, min is minimum switching (resonant) frequency to
satisfy the current rating.

At the misalignment condition, the voltage gain of the
resonant network under the misalignment condition can be
obtained as

27Tfs > Wr min = (3)

G

U7m|271'fs:UJT. = Vi
in

@) o (B ()] e

8899
k=0.8
1
0.8
c
g
©06he oo NS> —~ Required
> .
S Voltage gain
3 ——Q=0.01
> —Q=0.5
0.4 Q=1
—Q=15
—_—Q=2
0.2 :
0.8 0.7 0.6 0.5
Coupling coefficient (km)
Fig. 4. Voltage gain curves under misalignment conditions according to

and k,,.

where G, is the voltage gain at the misalignment condition,
k and k,, are the coupling coefficient at perfect alignment and
the misalignment condition, respectively, and @ is the quality
factor of the resonant network (Q = wy Lgeir/ Ro)-

Fig. 4 shows the voltage gain under the misalignment con-
dition according to @) and k,,. The vertical solid line denotes
the coupling coefficient at the alignment condition (k). As k&,
decreasing, the voltage gains decrease. Moreover, the voltage
gain with the high-quality factor decreases more than that with
the low-quality factor despite the same coupling coefficient.
Therefore, the design method for both k,, and @ is required
to preserve the output voltage of the resonant network under the
misalignment condition. The key equation to design k,,, and )
can be expressed as follows:

1 V. 2 k)2
e (kgﬂﬂ)ﬂvm) (&)
(6)

where V,, rq is the required output voltage. From (7) and the
definition of @, the maximum switching frequency is derived as
follows:

R,
L self

(e

N

where w;. max 1S maximum switching frequency to provide the
required output voltage at the misalignment condition.
Consequently, the switching frequency of the IPT mode can
be designed using (3) and (7). Besides, the resonant capacitor of
the IPT mode can be designed based on the switching frequency
because the leakage inductance of the IPT mode is already
determined by the coil specification and the airgap. Fig. 5 shows
the available switching frequency region according to the output

27Tfs < Wr max =
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TABLE I
IH-IPT PROTOTYPE APPARATUS DESIGN PARAMETERS

Parameters Value
Turn number of coil 16
Radius/Airgap 100 mm/20 mm
Self-inductance 49.46 puH
IH mode power 2.4 kW

Resistive load: 1.5 kW/
DC load: 500 W
Resistive load: 7 €2, 1.33/
DC load: 20 €2, 0.47

IPT mode power

Effective load and quality factor
of load types

Vo,req 90V
k and ky, (lateral misalignment) 0.6158/ 0.5304 (30 mm)
Crl,IH and Crl,IPT 1.36 l,LF/ 1.5 /lF‘
Switching frequency range by (3) and (7) [27.43 kHz, 53.72 kHz]
Switching frequency of IPT mode 30 kHz

power of the IPT mode. The available region decreases as the
output power of the IPT mode increases. The available region
and the power capacity of the IPT mode can be extended by
decreasing the required output voltage or increasing coupling
coefficient under the worst misalignment condition and the
current rating of the original IH system. The dashed line in Fig. 5
shows the extension of the available region by decreasing the
required output voltage.

IV. EXPERIMENTAL RESULTS

Table I shows the designed parameters of the IH-IPT proto-
type. The power capacity of the resistive and dc loads are selected
based on power demand of the loads. The power capacities of
the loads can be redesigned using (3) and (7). Fig. 6 shows the
operating waveforms of the IH and IPT modes of the IH-IPT
apparatus. Since the switching frequency is the series resonant
frequency, the zero-voltage switching and soft commutation can
be provided. Besides, the input voltage of the ac—dc converter
has only grid frequency components, as shown in Fig. 6(c), so
that the power factor correction circuit can be used as the ac—dc
converter.

Fig. 7 shows V4 reduction according to the coupling co-
efficient under the misalignment condition. The switching fre-
quency and Q are designed to satisfy the target performance,
which is expressed with the red graph. The solid line is theoreti-
cal expectation of the output voltage. The dashed line is practical
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Fig. 6. Operating waveforms of IH-IPT apparatus: (a) IH mode, (b) resistive
load, and (c¢) dc load of IPT modes.
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expectation of the output voltage, which considers the voltage
drop from the conduction losses. The markers are the measured
output voltage through the experiments. The output voltage can
be preserved as higher than the required output voltage at the
worst misalignment condition.

Fig. 8 shows the power transfer efficiency of the IPT mode.
The dashed line shows the theoretical expectations of the power
transfer efficiency, which considers the switching and conduc-
tion losses from the circuit. The resistive load has higher power



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 9, SEPTEMBER 2020

100 . -
X
g 90| N ARk
o P
o .
i) I ey |
i & o’ - *
o ‘%
g2 70¢ ]
& * —
= ! - - —Cal.resistive load
s 60l ! - = =Cal. DC load ]
g ! O Ex. Resistive load
° i % Ex.DC load

50 : w
0 500 1000 1500

Output Power [W]

Fig. 8. Power transfer efficiency of IPT mode according to output power.

transfer efficiency than the dc load case because the dc load has
the additional losses from the ac—dc converter and the dc load
operates at the light load condition of the IH-IPT apparatus. The
maximum efficiency is 91.64% and 81.04% in the case of the
resistive load and the dc load, respectively.

V. CONCLUSION

In this research, the practical design methodology for the
IH-IPT apparatus is proposed to implement the IPT mode using
the conventional IH apparatus. The IPT mode of the IH-IPT ap-
paratus, which can cope with both the resistive and dc loads, can
enhance the IH apparatus by providing additional applications.
To implement the IPT mode based on the IH apparatus with its
primary side circuit, the power stage configurations are proposed
according to the load types. Moreover, the SS topology of the
IPT mode can provide not only the constant voltage according to
the load variations but also the natural protection at the open load
condition. However, the IPT mode has to suppress the primary
side current and increases the output voltage under the misalign-
ment condition to provide wide operation. The analysis results
of the resonant network show that high switching frequency can
suppress the primary side current while low switching frequency

8901

can preserve the output voltage of the resonant network under the
misalignment condition. Therefore, the resonant network design
provides the proper switching frequency of the IPT mode, which
can satisfy the two requirements simultaneously. Finally, the
experimental results show the feasibility of the IH-IPT apparatus
with the proposed design methodology. The IH-IPT prototype
developed using the conventional IH apparatus can operate under
the IPT mode at 1.5 kW with the resistive load and at 500 W
with the dc load. The proposed system can operate under the
30 mm lateral misalignment condition, which is designed as the
maximum lateral misalignment. Besides, the maximum power
transfer efficiency of the IPT mode is 91.64% and 81.04% for
the resistive load and the dc load, respectively.
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