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Three-Phase to Single-Phase Multi-Resonant Direct
AC-AC Converter for Metal Hardening

High-Frequency Induction Heating Applications
Ryosuke Kawashima, Non-member, Tomokazu Mishima, Senior Member, IEEE, and Chiaki Ide, Non-member

Abstract—A new multi-resonant three-phase utility frequency
ac (UFAC) to high-frequency ac (HFAC) direct power converter
for the industrial metal hardening induction heating (IH) appli-
cations is presented in this paper. The proposed ac-ac converter
features direct frequency conversion with the wide range of soft
switching by means of the minimized numbers of bidirectional
switches. The conducting current of bidirectional switches can
be reduced effectively owing to the multi-resonant tank while
keeping a high power in the IH load. Accordingly, the practical
power converter with simplicity, cost-effectiveness, and high
efficiency can be realized on the basis of a simple pulse frequency
modulation. The circuit topology and operating principle of
the proposed converter are described, after which the design
procedure of the multi-resonant tank and switching frequency
is presented. The performances on the soft switching and the
steady-state pulse frequency modulation (PFM) characteristics
of the ac-ac converter are evaluated in experiment with the
1.7 kW / 85 kHz-90 kHz prototype. Finally, the feasibility of the
proposed ac-ac converter is evaluated from a practical view point.

Index Terms—Direct ac-ac converter, high frequency induction
heating (IH), pulse frequency modulation (PFM), series-parallel
resonance, zero current soft switching (ZCS), zero voltage soft
switching (ZVS).

I. INTRODUCTION

H IGH frequency Induction heating (IH) systems have been

widespread in the industrial fields from the viewpoint of

heating efficiency and pollution-free, and the surface hardening

and tempering treatment of metals has been contributing

greatly to the improvements of the quality of steel machine

parts[1]-[4]. It is essential to design the high frequency gen-

erator precisely by taking the skin effect and surface depth of

heating into account for effective heating of metal objectives.

Fig. 1 illustrates the principle of high frequency IH for the

metal surface treatment, whereby a high frequency current

contributes for a surface hardening of the heating object.

The power stage from the three-phase utility frequency

ac (UFAC) to a single-phase high frequency ac (HFAC) plays
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Fig. 1. Skin effect of the metal surface treatment by induction heating.

a key role for attaining high-efficiency and high performance

of the IH and the relevant inductive power transfer (IPT)

applications. Fig. 2 shows classification of the three-phase to

single-phase ac-ac converters for the IPT systems. The popular

and basic circuit topologies for industrial IH applications are

composed of three-phase thyristor rectifier and current-source

or voltage-source high frequency inverter (CS HF-INV / VS

HF-INV) as depicted in Figs. 3 (a)-(c). Those conventional IH

systems face with a technical issue of improvements of power

density and efficiency due to bulky capacitor and inductor in

the dc link, which causes large volume and short life-cycle of

the entire system[2][3][5][6].

A direct ac-ac power conversion (or matrix converter) is

considered as a promising candidate for solving the techni-

cal problems of a conventional multi-stage ac-dc-ac power

converter[7]. Three-phase to three-phase ac-ac converters[8]-

[11], three-phase to single phase ac-ac converters[12]-[16],

single-phase to single-phase ac-ac converters[17]-[22], and

three-phase to dc converters[23]-[25] have been proposed for

industrial and industrious applications such as battery chargers,

ac motor drives, IH and IPT systems.

By spotlighting on the three-phase to single-phase ac-ac

converters for IH and IPT applications as treated in this

paper, the existing and previously developed ac-ac converters

can be categorized in Fig 2. The full high frequency matrix

converter (HF-MC) with the six sets of bidirectional switches

has been developed for high frequency IH system as displayed

in Fig. 4(a)[14]. However, synchronization of instantaneous

currents between the input and output sides is inevitably nec-
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AC-AC converter for 

Phase-modular Matrix Cnverter 

Full HF Matrix Cnverter 

Thyristor rectifier / voltage source HF inverter 

PWM rectifier / voltage source HF inverter 

Half HF Matrix Cnverter 

[5]

[14]

[26]

[15],

Thyristor rectifier / current source HF inverter 

[3]

[16]

 HF-IH and IPT   

Fig. 2. Classification on the three-phase to single-phase ac-ac converters for
IH and IPT systems.

essary for power factor correction (PFC) in the line currents,

which involves with a complicated commutation process of

switching power devices. Furthermore, the critical issue of

this topology is that no effective way exists to attain soft

commutation in the bidirectional switches over the wide range

of load power and source voltage amplitude.

As an another approach of a direct power conversion with-

out any bidirectional switch, a phase-modular three-phase ac

to single-phase ac converter has been proposed for a fluid heat

exchanger, whereas a combination of three independent single-

phase to single-phase ac-ac converters are connected in parallel

as shown in Fig. 4(b)[26]. Thus, development of a direct three-

phase to single ac-ac converter applicable to a world-wide

three-phase ac power source is still challenging in the industry

of induction heaters while minimizing the numbers of circuit

components.

Prior to the advent of HF-MC, the simpler topologies while

keeping the thee-phase to single phase direct power conversion

for induction heaters, which is named as a ”high frequency

cycloconverter”, were developed in the past decades[12][13].

However, the high frequency cycloconverter is comprised by

thyristors with anti-parallel diodes; accordingly, the output

frequency is inherently limited in the lower than 10 kHz. This

kind of the thyristor-based three-phase to single phase direct

power cannot accommodate a modern industrial IH system

which demands a 100 kHz and more output frequency.

Meanwhile, metal-oxide-semiconductor (MOS) gate

transistor-based half HF-MCs for IPT applications have

also been proposed by now, which can generate a high

frequency current (no more than 50 kHz) by series resonance

with six unidirectional discrete power devices (reversely

blocking insulated gate bipolar transistor; RB-IGBT) and

one or two switches for power regulations in [15], and six

bidirectional switches in [16]. Although the direct power

conversion attains successfully, the power control performance

significantly depends on a complicated algorithm of pulse

modulation and calculation of control variable, accordingly

the feasibility of the converter topologies is limited in the

middle frequency 20-50 kHz at the current stage of researches

and developments.

As a solution for those technical challenges of the existing

direct ac-ac converters, a new multi-resonant direct ac-ac

converter for IH application is proposed in this paper[27]. The

proposed converter enables the direct three-phase to single-

UFAC DC HFAC

(a)

UFAC DC HFAC

(b)

UFAC DC HFAC

(c)

Fig. 3. Conventional two-stage power conversion topologies for IH system:
(a) thyristor rectifier and voltage-source HF inverter [3], (b) thyristor rectifier
and current-source HF inverter[5], and (c) PWM rectifier and voltage-source
HF inverter[6].

phase conversion by using only three bidirectional switches of

two series-connected discrete power MOSFETs, and supplies a

large current to the load while suppressing the peak conduction

current of switches with the aids of a multi resonant tank. This

multi-resonant tank in the proposed converter has advantages

over the conventional series, parallel or series-parallel resonant

tanks in terms of effective reduction of the inductance in the

IH load with a high frequency switching. The multi-resonant

tank assists zero current soft switching (ZCS) commutations

and zero voltage soft switching (ZVS) commutation between

two-phase bidirectional switches. In addition, the switching

pulses of all the bidirectional switches can be implemented

with a simple logic circuit, thereby a switching frequency

can be raised effectively up to the practical level of metal

surface treatments. Accordingly, the output power can be

regulated by a narrow frequency variation in PFM with the
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(a)

Phase module 2

Phase module 3

Phase module 1

UFAC HFAC

(b)

Fig. 4. High frequency matrix converters for IH system: (a) full HF-MC[14],
(b) phase-modular HF-MC[26].

impedance characteristics of the multi resonant tank. The

proposed converter features the cost-effect circuit topology and

controller scheme by paying for non unity power factor in the

line currents. The relevant harmonics has no significant impact

on the main circuit and controller, and is an acceptable level

for an industrial IH application unless the distorted line current

flows into a power feeder in a factory.

The rest of this paper is organized as follows: the proposed

circuit topology and operating principle are described in

Section II. The design procedure of the multi-resonant tank and

resonant frequencies are described in Section III. Performances

of the proposed converter are demonstrated by a 1.7 kW-

90 kHz prototype in Section IV and its feasibility is verified by

the experimental results. In addition, the comparison between

the existing three-phase to single phase ac-ac converters and

proposed converter is discussed in Section IV. Finally, the

essential performances of the proposed direct ac-ac converter

are summarized in Section V.

II. CIRCUIT TOPOLOGY AND OPERATIONS

A. Circuit Configuration with Multi-Resonant Tank

The circuit diagram of the proposed direct ac-ac converter is

illustrated in Fig. 5. The three-phase UFAC source is connected

with a half HF-MC to feeding power to the single-phase HFAC

IH load via an impedance matching transformer (M.T.). The

conducting current through the bidirectional switches can be

reduced effectively with the aid of the multi-resonant tank.

The primary transformer-windings current ip is generated

by the series resonant tank that consists ofLr and three sets

of series capacitorCr. The load resonant tank is composed

of IH load (R–L), series capacitorCo and power factor-tuned
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Fig. 5. Proposed three-phase to single-phase direct ac-ac converter with a
multi-resonant tank for the high frequency IH systems.
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Fig. 6. Six divisions in the three-phase source voltages and the selected active
switches.

capacitorCp. The capacitor Co has the function of reducing

the reactive current by creating series resonance with the load

inductanceLo, and suppress the impedance of the parallel res-

onant circuit under the condition of high frequency switching.

The positive switches Smp (m = {a, b, c}) are commutated

by ZVS turn-off with assists of lossless snubber capaci-

torsCsa, Csb and Csc while ZCS turn-on operation achieves

by the current blocking function of negative switches Smn

for the high frequency positive half-cycle interval. The gate

turn-on / off timings are determined under the principle of

two-phase modulation which utilizes the maximum voltage

and the minimum voltage of the three-phase power source.

Accordingly, the switches connected to the maximum and

minimum voltage phases in each section are driven inter-

changeably while those connected to the intermediate voltage

phase are rest in switching. The three sets of bidirectional

switches are commutated by every one-sixth interval of the

UFAC source voltage. Now, consider sector-I of the three-

phase voltage waveforms in Fig. 6. Since va is the maximum

and vb is the minimum UFAC voltage, the switches Sap and

Sbn are selected as the two-phase active switches.

Fig. 7 represents the equivalent circuit of the M.T. and IH

load. The relevant parameters of the model are obtained by

substantially measuring the primary-side voltage v1 and cur-

rent i1 with respect to the angular switching frequencyωs (=
2πfs). In the first place, the load impedance Zrms is defined
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Fig. 7. Equivalent circuit of the M.T. and IH load in the impedance
measurement.
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Fig. 8. Modeling of the multi-resonant tank and load: (a) parallel capacitor
and equivalent inductive load, and (b) with series resonant tank.

by

Zrms =
V1rms

I1rms
=

√
Ro

2 + (ωsLo)
2

(1)

cos θ =
Ro√

Ro
2 + (ωsLo)

2
(2)

sin θ =
ωsLo√

Ro
2 + (ωsLo)

2
. (3)

Then, the equivalent circuit parameters of the IH load (Ro,Lo)

can be expressed as

Ro = Zrms · cos θ (4)

Lo =
Zrms

ωs
· sin θ. (5)

The multi-resonant tank including IH load is shown in

Fig. 8 (a). The impedanceZo is given as

Żo =
Ro

(1− ωs
2LoCp +

Cp

Co
)2 + (ωsCpRo)2

+j
(ωsLo − 1

ωsCo
)(1− ωs

2LoCp +
Cp

Co
)− ωsCoR

2
o

(1− ωs
2LoCp +

Cp

Co
)2 + (ωsCpRo)2

.

(6)

The resonant frequencies of the multi-resonant tank can

be obtained from the imaginary part of (6); the resonant

frequency fr1 is determined by (Ro–Lo–Co) while the other

resonant frequency fr2 is decided by the entire load resonant

tank (Cp–Ro–Lo–Co). Since the resistivity of the high fre-

quency IH load is relatively small, the resistance Ro can be

omitted in (6) to satisfy by

Im(Żo) �
(ωsLo − 1

ωsCo
)(1− ωs

2LoCp +
Cp

Co
)

(1− ωs
2LoCp +

Cp

Co
)2 + (ωsCpRo)2

= 0. (7)
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Fig. 9. Characteristic of the output impedance versus normalized frequency.

As a result, the resonant frequencies fr1,fr2 can be defined as

fr1 =
1

2π
√
LoCo

(8)

fr2 =
1

2π

√
1

LoCo
+

1

LoCp
> fr1. (9)

Fig. 8 (b) represents the equivalent series resonant tank that

is composed of Lr–Cr and Zo. The series resonant tankZr is

defined as

Żr = j(ωsLr − 1

ωsCr
). (10)

Then, the series resonant frequency frs can be expressed by

frs =
1

2π
√
LrCr

, Cr = Cra + Crb + Crc. (11)

The driving-point impedance including the series resonant

tank, Żi, in Fig. 8 (b) can be expressed as

Żi =
Ro

(1− ωs
2LoCp +

Cp

Co
)2 + (ωsCpRo)2

+j
{
(ωsLr − 1

ωsCr
)

+
(ωsLo − 1

ωsCo
)(1− ωs

2LoCp +
Cp

Co
)− ωsCoR

2
o

(1− ωs
2LoCp +

Cp

Co
)2 + (ωsCpRo)2

}
.

(12)

The characteristics of the output impedance versus normal-

ized frequency are depicted in Fig. 9 on the basis of (6), where

the numerical examples are given as Ro = 2.0Ω, Lo = 50μH,

Cp = 100 nF, and Co = 50nF. Fig. 9 indicates that switching

frequency fs should be set close to the resonant frequency

fr1 under the heavy load condition, while close to fr2 under

the light load condition owing to the effect of the parallel

resonant circuit; power regulation can be realized by PFM in

the area between fr1 and fr2. The maximum power Po max

can be obtained at fs = fr1 whole the minimum power Po min

appears at fs = frs respectively. Therefore, the switching

frequency fs changes between fr1 ≤ fs and ≤ fr2 for the

output power regulation.
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Fig. 10. Relevant voltage and current waveforms for an UFAC cycle.

The switch conduction current is can be reduced as com-

pared to the output current io. The RMS current ratioλ of the

two currents are defined as

λ =
Io
Is

=
1

ωsCp

√
R2

o + (ωsLo +
1

ωsCo
− 1

ωsCp
)
2

. (13)

In order to achieve ZCS turn-on and ZVS turn-off commu-

tations of the bidirectional switches, the lagging phase current

is required for ip. Therefore, the series resonant frequency frs
is designed to satisfy the following condition referring to Fig. 9

as

frs < fr1 ≤ fs ≤ fr2. (14)

B. Operating Principle

The theoretical voltage and current waveforms for UFAC

cycle of the proposed ac-ac converter are displayed in Fig. 10.

The input currents ia–ic have the fifth harmonics of the utility

frequency due to the two-phase switching modulation as

discussed in Section II. It should be noted here that the voltages

of filter capacitor vcfab
–vcfca are approximately equal to the

line voltage assuming that the voltage drop across the filter

reactor can be ignored.

The operating waveforms and mode transitional equivalent

circuits are depicted in Figs. 11 and 12 for the time interval

of va > vb > 0 > vc. The operation mode is divided into the

eight modes as follows:
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Fig. 11. Operating waveforms during the HFAC one cycle in the interval va >
vb > 0 > vc.

• Mode 1 [steady-state power transfer for the positive half

cycle:t0 ≤ t < t1] The active switch Sap is ON-state,

and the energy charged in the lossless snubber capacitor

Csa is zero. During this interval, the lossless snubber

capacitorCsc are negatively charged to the power supply

side.

• Mode 2 [ZVS turn-off transition in a positive switch of

phase a : t1 ≤ t < t2] The active switch Sap is turned off

at t = t1, then the lossless snubber capacitors Csa and

inductance Lr make edge resonance. Accordingly, the

voltage vsap rises with a certain slope from zero, and the

ZVS turn-off commutation starts in Sap. Assumed the HF

current ip is equally shared among the three bidirectional

switches, the condition of ZVS turn-off at Sap can be
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expressed by

1

6
Lrip(t1)

2
>

1

2
CscvCsc(t1)

2. (15)

• Mode 3 [lossless snubber capacitor Csc charging: t2 ≤
t < t3] The lossless snubber capacitor Csc is completely

discharged at t = t2; vScn(t2) = 0 while vSap(t2) =
vcfca � vca. The lagging current ip is equally divided

into the three sets of lossless snubber capacitors and Csc

is charged to the power supply side. In this interval, the

voltage of positive switch Sap is expressed as

vSap(t) = vca +
1

3Csa

∫ t

t2

ipdτ.

• Mode 4 [ZCS turn-on in a negative switch of phase c:
t3 ≤ t < t4] The active switch Scn is on-state at t = t3.

The diode of the switch Scp is reversely biased by the

lossless snubber capacitor Csc, and no current flows into

the switch Scn, whereby ZCS turn-on can be performed.

Thus, taking the operation of Mode 7 into consideration,

the condition of ZCS turn-on of Sap can be expressed by

vScn
(t2) = 0, iScn

(t3) = 0. (16)

During this interval, the primary side current of M.T.

naturally reverses and discharges the lossless snubber

capacitor Csc. Accordingly, the voltage of Sap drops to

the line voltage vca.

• Mode 5 [steady-state power transfer for the negative half

cycle: t4 ≤ t < t5] After the lossless snubber capacitor

Csc has completely discharged, the primary current ip of

M.T. flows into the switch Scn, then power is supplied to

the IH load.

• Mode 6 [ZVS turn-off in a negative switch of phase c:
t5 ≤ t < t6] The active switch Scn is turned off at t =
t5, then the voltage vscn rises with a certain slope from

zero, and the ZVS turn-off commutations starts in Scn
due to the edge resonance. Assumed the HF current ip
is equally shared among the three bidirectional switches,

the condition of ZVS turn-off at Scn can be defined as

1

6
Lrip(t5)

2
>

1

2
CsavCsa(t5)

2. (17)

• Mode 7 [lossless snubber capacitor Csa charging: t6 ≤
t < t7] The lossless snubber capacitor Csa is completely

discharged at t = t6; vSap = 0 while vScn(t6) � vca.

The lagging current is equally divided into the three sets

of lossless snubber capacitors and the lossless snubber

capacitor Csa is negatively charged on the power supply

side. During this interval, the voltage of active switch Scn
is obtained as

vScn(t) = vca +
1

3Csc

∫ t

t6

ipdτ.

• Mode 8 [ZCS turn-on in a positive switch of phase a:

t7 ≤ t < t8]

The active switch Sap is turned on at t = t7. At the

same time, the diode of San is reversely biased and no

current flows in Sap, whereby the ZCS turn-on can attain.

Thus, taking the operation of Mode 7 into consideration,

the condition of ZCS turn-on of Sap can be expressed by

vSap
(t6) = 0, iSap

(t7) = 0. (18)

The resonant current through Lr naturally reverses during

this interval, and is equally divided into the three sets of

lossless snubber capacitors. During this interval, the loss-

less snubber capacitor Csa discharges while the voltage

of Scn drops to line voltage vca. The circuit operation gets

back into Mode 1 and the repetitive next cycle begins.

III. DESIGN PROCEDURE OF CIRCUIT PARAMETERS

A. Switching and Resonant Frequencies

The switching frequency fs for an IH system depends on

the material of the work piece to be heated. Skin depth or

penetrating depth is also dependent on the switching frequency

and material properties. Thus, the key point of the metal

hardening IH system is to deliver the high frequency power

with the practical range of frequency.

A practical formula for skin depth δ mm is expressed as

δ = 50.33

√
ρ

μrfs
(19)

where ρ is the resistivity of the material and μr is the absolute

magnetic permeability[28]. The heated object is stainless steel

bolts (μr=1 and ρ=72), and the skin depth is designed 1.4-

1.5 mm. The switching frequency at δ=1.5 mm is obtained

from (19) as

fs = 50.332
ρ

μrδ2
� 83 kHz. (20)

The first resonant frequency fr1 in (8) should be identical with

the switching frequency for obtaining maximum output power.

The second resonant frequency fr2 in (9) should be set close

to fr1 considering the penetrating depth and the fluctuation of

IH load parameter with frequency variation. As a consequence,

fr2 is selected as 93 kHz at δ = 1.4mm, thereby the condition

given in (14) can be satisfied.

B. Multi Resonant Tank

The equivalent IH load inductanceLo and equivalent re-

sistanceRo in the switching frequency range (83 kHz–93 kHz)

are 2.0–2.1Ω and 49–49.5μH respectively from (4) and (5).

Since the impedance variation in the switching frequency

range is relatively small, the load resistance and inductance

are determined as Lo = 49μH and Ro = 2.0Ω respectively.

Then, the output capacitorCo can be determined from (8) at

fs = fr1 as

Co =
1

(2πfr1)2Lo
� 75 nF. (21)

The parallel capacitorCp can be obtained from (9) and (21)

at fs = fr2 as

Cp =
1

(2πfr2)2Lo − 1
Co

� 300 nF. (22)
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Fig. 12. Switching mode transitions for the UFAC interval va > vb > 0 > vc.

C. Series Resonant Tank

The lossless snubber capacitor Cs is selected as 3 nF to

attain a low dv/dt rate sufficient for achieving the ZVS turn-

off transitions at the bidirectional switches Sap-Scn. Then, the

series resonant inductance Lr can be determined from (15)

and (17) as

Lr >
3CsvCs

2

ipmin

2 � 22.5μH (23)

where ipmin
and vCs represent the switch turn-off current and

voltage across the snubber capacitor, respectively. It should

remarked here that those values are given as ipmin = 4A
and vCs = 200V on the basis of simulation. As a result,

the resonant inductor Lr can be designed as 25μH with

consideration for (23).

The proposed converter requires the imaginary component

of Żi to be inductive (i.e., lagging phase available current) to

achieve ZVS condition as

Im{Żi} > 0. (24)

This results in

Cr >
1

ωs

(
ωsLr + Im{Żo}

) = Cr,base. (25)

Based on (25), the characteristics of Cr,base versus switching

frequency fs is illustrated in Fig. 13. It can be understood from
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the curve that Cr,base decreases as the switching frequency

increases. Therefore, the series resonant capacitorCr must be

designed to be higher than the maximum available value of the

Cr,base, which can be calculated as 148 nΩ at fr1 = 83 kHz.

The calculation curves of the driving-point impedanceZi

and switching frequency are illustrated in Fig. 14 with the vari-

ations of Cr :150 nF, 160 nF, and 170 nF. It is recognizable

that Zi increases in proportion to Cr. Hence, Cr should be

selected as 150 nF from the view point of maximum power

available in the proposed converter.

D. Resonant Frequency Tracking based on Phase-Locked-
Loop

The resistive and inductive parameters (Ro-Lo) of the heated

load varies when its temperature reaches the curie point.

Fig. 15 depicts the transitional characteristics of the output

impedanceZo when Ro and Lo change from Ro = 2.0Ω
and Lo = 49μH to 1.0Ω and 24μH as a numerical exam-

ple, respectively. As depicted here, the resonant frequencies

expressed in (8) and (9) change in principle. In addition, the
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switching frequency should be increased gradually in order to

match with the resonant frequencies at the start-up process.

Fig. 16 shows the controller system that incorporates Phase-

locked-loop (PLL) as a sub-controller into the switching pulse

modulator. In the high frequency resonant converter, PLL is

effective to adjust the switching frequency fs by detecting

the phase difference of current ip and voltage vo, thereby

(14) can be satisfied while the designed parameters of the

passive components remain. The output frequency targeted

in the proposed converter is around 100 kHz, accordingly the

PLL can be implemented a general type of CMOS PLL-IC,

e.g. CD4046B (Texas Instruments)[29].

IV. EXPERIMENTAL RESULTS AND EVALUATIONS

The essential performances of the proposed direct ac-ac

converter are verified by experiment of the 1.7 kW laboratory

prototype at the switching frequency range 85 kHz–90 kHz.

The exterior appearance of the prototype is indicated in

Fig. 17. The circuit parameters and specifications which are de-

scribed in Section III are listed in TABLE I. The bidirectional

switches are implemented with a pair of series connection of

two discrete Super Junction Si-MOSFETs (IXFN100N65X2:

650V-78A, RDS,on = 30mΩ). The resonant capacitors Cp

and Co are assembled by a high frequency conduction-cooled

power capacitor (CSM 150, Celem) in series and parallel
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Fig. 17. Exterior appearance of prototype.

TABLE I
EXPERIMENTAL CIRCUIT PARAMETERS

Item Symbol Value[unit]

UFAC source voltages Vab,Vbc,Vca 150 [V]
Output power rating Po 1.7 [kW]

Utility frequency fu 60 [Hz]
Switching frequency fs 85-90 [kHz]
Utility filter capacitor Cf 300 [nF]
Utility filter inductor Lf 200 [μH]

Lossless snubber capacitors Cs 3 [nF]
Series resonant capacitor Cr 150 [nF]

Series resonant inductance Lr 25 [μH]
Parallel resonant capacitor Cp 300 [nF]

Output capacitor Co 75 [nF]
Windings turns ratio of M.T. a = w1/w2 18/1

Equivalent resistance of IH Load Ro 2 [Ω]
Equivalent inductance of IH Load Lo 49 [μH]

connections, respectively. A stainless bolt bar is employed for

the heated metal object. The M.T. and work-coils are water-

cooled as well as the power devices.

A. Operating Waveforms for UFAC and HFAC Cycles

The observed waveforms of the three-phase source input

and high frequency output voltages and currents for the UFAC

cycles are depicted in Fig. 18. The output waveform includes

the component of six times as the switching frequency on

the envelope due to the two-phase modulation which selects

the maximum- and minimum-phase voltages. Besides that, the

HFAC current ip is produced in the output of the direct ac-ac

converter, thus the direct ac-ac conversion is actually verified.

The switching voltage and current waveforms of a set of

positive and negative phases are depicted in Fig. 19 at the point

of the peak source voltage. The ZCS turn-on and ZVS turn-off

operations can be observed in Sap and Scn at Po = 1.0 kW–

1.7 kW in Figs. 19 (a) and (b). The voltages rise linearly at

the turn-off transitions of Sap and Scn respectively, thereby

the overlapping areas of voltage and current are minimized

due to the effect of lossless snubber capacitors. On the other

hand, in the output power range between 0.7 kW–1.0 kW,

some volume of voltage remains at the turn-off transition in the

lossless snubber capacitor as seen in Fig. 19 (c). Accordingly,

the capacitive energy of the lossless snubber is discharged

va vb
vc

ip

vo

Fig. 18. Observed waveforms of three-phase utility voltages and primary-side
voltage of M.T. at Po = 1.7 kW with fs = 85 kHz (va,vb,vc,vo:100V/div,
and ip:40A/div, 2.0ms/div).

through the active switch at turn-on transitions in the next

switching cycle. Fig. 20 shows the switching performances of

Sap at the medium voltage (va = 60V) in the power settings

identical to Fig. 19. It can be understood from Figs. 19 (a) (b)

and 20 (a) (b) that the soft switching can attain in the middle

to heavy load conditions regardless of the source voltage level

while the incomplete soft commutation emerges at the light

load.

The voltage-current trajectories are revealed in Figs.21

and 22 for the heavy and middle loads in accordance with

the source voltage level. It can be observed herein that the

overlapping areas of voltage and current are minimized: thus

the soft commutation of the bidirectional switch is clearly

verified in the middle and heavy load power settings.

In contrast to the middle and heavy loads, the incomplete

soft switching emerges under the condition of light load as

demonstrated in Figs.19 (c) and 20 (c). In order to monitor

the behavior with the light load, the enlarged waveforms at

the turn-on and -off transitions are depicted in Fig. 23. The

ringings appear in the switching current iSap
at the turn-on

transitions while the voltage vSap goes down to zero and

keeps the state, accordingly the ZCS condition in (18) is partly

satisfied and no power dissipation occurs. The ringings appear

both in iSap
and vSap

at the turn-off transition, then power loss

emerges at each switch.

The voltage and current waveforms of the multi-resonant

tank with IH load are depicted in Fig. 24. The multi-resonant

tank input current ip is well regulated lower than io at the

primary-side M.T. which corresponds with the load current

over the wide range of output power. Thus, the validity of

the multi-resonant tank in the proposed converter is clearly

revealed.

The experimental results and calculation values of the

current ratioλ obtained from (13) with the circuit parameters
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Scn

Scn Scn

(a)

(b)

(c)

Fig. 19. Observed switching voltage and current waveforms of switches Sap,
Scn and primary current of M.T ip for a switching cycle at va = 210V:
(a)Po = 1.7 kW, fs = 85 kHz, (b)Po = 1.0 kW, fs = 88 kHz,
and (c)Po = 0.7 kW, fs = 90 kHz (vsap,vscn:250V/div, isap,iscn :
30A/div, ip:40A/div, 2μs/div).

in TABLE I are shown in Fig. 25. As fs increases, the current

ratioλ increases by the effect of multi resonant tank which

maintains a high amplitude of load current even in the light

load condition. The measured results indicate that the exper-

imental values agrees with the calculated ones that are based

on (13), thereby effectiveness of the design process introduced

in Section III is verified.

vSap

iSap

iSap

v
Sap

(a)

iSap

v
Sap

vSap

iSap

v
Sap

iSap

(b)

iSap

v
SapvSap

iSapiSap

v
Sap

(c)

Fig. 20. Observed switching waveforms of Sap and primary current of M.T
ip for a switching cycle at va = 60V: (a)Po = 1.7 kW, fs = 85 kHz,
(b)Po = 1.0 kW, fs = 88 kHz, and (c)Po = 0.7 kW fs = 90 kHz
(vsap,vscn:100V/div, isap,iscn:10A/div, 2μs/div).

(a) (b)

Fig. 21. Lissajous figures of the active switch Sap at Po = 1.7 kW with
fs = 85 kHz: (a) peak point of va = 210V, and (b) low voltage of va =
60V (vsap:250V/div, isap:30A/div).

B. Steady-State Characteristics

The output power characteristics are displayed under the

open-loop control in Fig.26 which exhibit the PFM-based

power regulation for the proposed ac-ac converter. It can

be confirmed that the PFM scheme is effective for the HF

output power regulation with the smaller frequency variation

of 85 kHz–90 kHz, consequently the minimum output power

is obtained as 0.7 kW (41% load setting) at fs = 90 kHz.

The ZVS operation can be accomplished in the three sets

of bidirectional switches in the output power range between

1.0 kW-1.7 kW (58%–100% load settings).

The actual efficiency of the ac-ac power conversion is
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(a) (b)

Fig. 22. Lissajous figures of the active switch Sap at Po = 1.0 kW with
fs = 88 kHz: (a) peak point of va = 210V, and (b) low voltage level of
va = 60V (vsap:250V/div, isap:30A/div).

iSapiSapvSap iSapvSap

(a)

SapSap
v

iSap
vSap

(b)

Fig. 23. Enlarged waveforms of Sap at Po = 0.7 kW with fs = 90 kHz
and va = 210V: (a) turn-on and (b) turn-off transitions (vsap:100V/div,
isap:10A/div, 400 ns/div).

depicted in Fig.27. The output power is measured by in-

cluding the power losses in the resonant capacitors Cp and

Co, which can be ignored due to the low equivalent series

resistance (ESR); 3mΩ and 9mΩ in blocks respectively. The

maximum efficiency attains 94.1% at Po=1.7 kW in the

proposed prototype, and high efficiency over 90% can be

maintained in the power range 0.7 kW-1.7 kW.

Fig. 28 shows the appearance of the metal bolt before and

after injecting the high frequency power. The temperature dis-

tribution of the heated load is visualized by the thermography

during the surface heating. The surface temperature of the

heated bolt rises up tp 830 ◦C that is enough for hardening,

thus the successful metal-surface-treatment is actually verified

by those thermal images.

The power losses of the prototype are analyzed according to

the output power level. The power losses in the bidirectional

switches are main concern in the loss analysis, accordingly the

conduction and switching losses are defined and calculated as

follows: The conduction loss Psw,cond and the forward con-

duction loss Psw,forward of each of the six discrete switch Sap-

vo

ip

io

(a)

vo

ip

io

(b)

ip

io

vo

(c)

Fig. 24. Observed voltage and current waveforms of the multi-
resonant tank with IH load: (a)Po = 1.7 kW, fs = 85 kHz,
(b)Po = 1.0 kW, fs = 88 kHz, and (c) Po = 0.7 kW, fs =
90 kHz (ip,io:40A/div,vo:100V/div, 4μ s/div).

Scn are calculated by using the following formulas as

Psw,cond = 2fs
(∫ t1

t0

RDS,oniDS
2dt

)
(26)

Psw,forward = 2fs
(∫ t1

t0

vDSiDSdt
)

(27)

where vDS , iDS and RDS,on denote the forward conduction

voltage, current and on-resistance of each switch, respectively.

Note here the time interval t0-t1 corresponds to the duration

of Mode 1 in Fig 11. In addition, the switching loss Psw,

especially the turn-off loss in Sap-Scn is defined and calculated

by approximating vDS and iDS with a linear function as

expressed by

Psw =

∫ Tsw,off

0

vDSiDSfsdt (28)
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Fig. 27. Actual efficiency versus output power curve (power meter: HIOKI-
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where Tsw,off represents a turn-off transition of each switch.

The power loss breakdowns of the direct ac-ac power

 C900

30 C
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Before the treatment After the treatment

Fig. 28. Appearances of the heated metal load.
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Fig. 29. Power loss analysis: (a)Po = 1.7 kW, fs = 85 kHz and (b) fs =
90 kHz, Po = 0.7 kW).

conversion stage are revealed in Fig. 29. It can be understood

from the analysis that the copper loss of Lr and forward

conduction losses of the discrete power MOSFETs account

for a large part of the total loss, especially in the heavy

load settingPo = 1.7 kW. The forward conduction losses

might be reduced by integrating a silicon carbide schottky

barrier diode (SiC-SBD) into each discrete switch for reducing

a reversely conduction voltage dropVSD. The switching loss

related to the turn-off ringings emerge in the low output

power setting Po = 0.7 kW as discussed above. In order to

mitigate the ringings and reduce the relevant power losses

under the condition of light load, employment of alternative
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pulse modulation such as pulse density modulation (PDM)

may be an effective solution while paying for a complicated

control algorithm and a low-frequency subharmonics[30].

C. Harmonics Analysis of UFAC Line Current

The observed three-phase source voltage and current wave-

forms are provided in Fig. 30 in accordance with the output

power settings. The total power factors are observed over 96%
with the power analyzer HIOKI-PW6001. Thus, the high per-

formance of the proposed converter is actually demonstrated

from the view point of a power electronics interface the utility

power.

The line current harmonics analysis corresponding to Fig. 30

is depicted in Fig. 31, where the measured values are compared

with the reference standards of IEC61000-3-2-Class A. The

input line currents include some 5th harmonics due to the two-

phase switching modulation. However, the distortions of the

line currents also clear the guideline of the industrial factories

IEEE519, which recommends installation of an active power

filter in the power feeder of a factory. Otherwise, the auxiliary

circuit will be necessary in the rear-end half HF-MC or PWM

rectifier in a front-end stage[31][32], both of which are not

practical nor a better solution in stead of installing an active

or passive filter in the power feeder line of the factory[33]-

[35].

D. Comparison with Existing Converters

TABLE II summarizes the performances of the existing

three-phase to single-phase ac-ac converters and proposed

converter. It should be remarked herewith that efficiencies are

to be compared under the same power level while all the

information in this table are just originated from the reference

papers.

The proposed converter is advantageous over the conven-

tional thyristor rectifier and CS HF-INV / VS HF-INV in

all the items of evaluation. It might fall behind the PWM

rectifier-applied VS HF-INV and full HF-MC in terms of

PFC performances. However, the proposed converter exhibits

more excellent performances on the reduction of conduction

currents and the relevant power losses, simplicity of pulse

modulation and controller algorithm, and last but not least

cost-effectiveness in power devices. The effectiveness of the

multi-resonant tanks in the proposed converter is verified by

comparison with the half HF-MC with a series or series-

parallel resonant tanks.

V. CONCLUSIONS

The newly-developed three-phase ac to single-phase ac

direct converter suitable for the industrial high-frequency

induction heating applications has been presented in this paper.

Three sets of bidirectional switches operate under the two-

phase modulation, and achieve soft switching over the wide

range of source voltage without any dc-link large-volume

capacitor. The multi-resonant tank for the IH load contributes

for the reduction of the switch conduction current while high

resonant current with low distortion generates in the output

stage and the heated metal load. The design guideline of the

circuit parameters has been described step by step, taking the

power regulation and soft switching range into consideration.

The direct three-phase UFAC to single-phase HFAC con-

version has been revealed as well as the practically-accepted

low distortion of line current and high total power factor in

the experiment. The power conversion efficiency has been

confirmed over 94% with the ZVS and the incomplete ZVS

operations in the output power setting of 0.7 kW-1.7 kW
(41%–100%) with 85 kHz-90 kHz. The total power factor has

been measured over 96% in the utility line currents, which

proves the effectiveness of the proposed converter as a utility-

interfaced power supply.

It has been originally demonstrated that the proposed ac-

ac converter contributes for technical improvements of in-

dustrial induction heaters in terms of the compactness, cost-

effectiveness, high efficiency and long life cycle.
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Fig. 30. Observed input voltage va and current ia waveforms of the utility power source: (a)Po = 1.7 kW, fs = 85 kHz, (b)Po = 1.0 kW, fs = 88 kHz,
and (c)Po = 0.7 kW, fs = 90 kHz (100V/div, 5A/div, 2.0ms/div).
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Fig. 31. Harmonics analysis of UFAC line current ia: (a) fs = 85 kHz, Po = 1.7 kW, (b) fs = 88 kHz, Po = 1.0 kW, and (c) fs = 90 kHz, Po = 0.7 kW.
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