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Abstract—This paper proposes a new control method of a
direct ac-to-acconverter consistingof two half-bridge converters
and a series-resonantcircuit. This circuit converts the ac input
power from the utility grid to a high-frequency ac output without
any dc stage.This circuit doesnot require a diode bridge rectifier,
and thus, makes it possible to reduce forward voltage drops
and power lossesin the diodes. A new switching sequencefor
phase-shift control is proposed to regulate the capacitor voltage
in each half-bridge converter and to achieve both zero-voltage
switching and synchronous rectification. The proposed phase-
shift control is theoretically discussedand is also verified by
experimental setup using super-junction power MOSFETs. As
a result, the proposed direct ac-to-ac converter exhibits a good
power conversionefficiency as high as 97.7% at the rated power
of 1.3 kW.

Index Terms—Direct ac-to-ac conversion, High-frequency in-
verters, Phase-shift control, Synchronous rectification, Zero-
voltage switching.

I. INTRODUCTION

H IGH-frequency inverters are widely applied to many
applications such as induction heating systems[1]–

[8], wirelesspower transfersystems[9], and so on. Various
soft switching techniqueshave beenproposedto reducethe
switchingpowerlossesin thehigh-frequencyinvertersbecause
theyperformahigh-frequencyswitchingoperation.Especially,
inverterswith a series-or parallel-resonantload havewidely
beenusedto achievezero-voltageand/orzero-currentswitch-
ing operationsby tuning of the switching and/or resonant
frequenciesfor reductionof theswitchingpowerlosses,surge
voltages,andspikecurrents[10].

A conventionalhigh-frequencypower supply for induction
heatersconsistsof a front-end diode rectifier, a power fac-
tor correction(PFC) circuit, an electrolytic capacitor,and a
high-frequencyresonantinverter.This configurationis widely
adoptableto variousapplicationsbecauseit can regulatethe
output at a constantpower for suppressingacousticnoises
and/orvibrations.

In recentyears,one of the researchtrend in the induction
heatersis to adopt a small film capacitoras a dc-link filter
insteadof the electrolytic capacitor[6]. This methodrealizes
a unity powerfactor in the input ac-maincurrentwithout any
PFCcircuit andmakesit possibleto reducethe power losses
causedby the PFC circuit. This methodcausesa fluctuating
outputpower.However,this fluctuationis not requiredin some
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casesof industrial induction heaters,especially in melting
applications[6].

As a result,dominantpowerlossesarecausedby the front-
enddioderectifierandthehigh-frequencyinverterin therecent
inductionheater.Therefore,manycircuit topologieshavebeen
proposedto integratethe front-end diode rectifier with the
high-frequencyinverter [11]–[16].

On the otherhand,new powersemiconductordeviceshave
beendevelopedto reducethe switching power lossesas well
as the on-statepower losses.Super-junctionMOSFETs are
one of the most promising devices,which have a very low
on-stateresistancewith a relatively high breakdownvoltage.
This resultsin a significantcontributionto reductionin theon-
statepower losses[17][18]. Thus, a high-frequencyresonant
inverter using SJ-MOSFETsenablesquite a low total power
loss, which is equal to or less than the on-statepower loss
in the front-endrectifier usingSi-diodes.Moreover,the next-
generationMOSFETs are expectedto have extremely low
on-stateresistance.Then the diode rectifier would causethe
dominantpower loss in the high frequencypowersupplies.

For this reason,bridgelesscircuit topologiesor direct ac-
to-ac convertershave often beendiscussedto eliminate the
power loss in a high-frequencypower supply converting
from the ac-main input to the high-frequencyoutput. Ma-
trix converters[19], half-bridge invertersusing two bidirec-
tional switches [20], inverters using a single bidirectional
switch [21], andinvertersusingcombinationof unidirectional
andbidirectionalswitches[22] havebeenreportedasa direct
ac-to-acconverter.However, they need to use bidirectional
powerswitchesconsistingof two MOSFETsconnectedin anti-
series.They would causea large on-statepower loss and a
surgevoltagedueto theincreasedon-stateresistanceandstray
inductancein the bidirectionalswitch.

Another direct ac-to-acconverterconsistingof two half-
bridgeconvertershasbeenappliedto a PV inverteranda high-
frequencypower supply [23]–[25]. References[24] and [25]
havediscussedits applicationto induction heatersand ac-dc
converters,respectively.The converterhas exhibited a rela-
tively highmaximumpower-conversionefficiencyof 97% with
thehelpof directpowerconversionandzero-voltageswitching
operation[24]. However, the body diode in the MOSFETs
producesa power loss causedby its forward voltage drop
becausesynchronousrectification is not implementedin the
converter.Application of synchronousrectification technique
has beenreported[25]. However, the methodneedsto turn
three MOSFETson at the sametime. This operationwould
causeshortcircuit in the ac grid side.

This paperproposesa new control methodfor the direct
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ac-to-ac converter consisting of two half-bridge converters
to achieve both zero-voltage switching operation and syn-
chronous rectification. The proposed switching sequence ad-
justs the phase-shift angle and the operating frequency of gate
signals for two half bridges. This paper first presents two
switching sequences using only two switching modes, and
then, their basic operating characteristics are analyzed. Based
on the analysis, the new switching sequence is theoretically
proposed to regulate the capacitor voltage and compared with
the other two methods. The operation principle of the proposed
switching sequence is verified by experiments using a 100-
V, 1.3-kW, 30-kHz induction heating system. As a result, the
proposed switching sequence has showed a maximum power
conversion efficiency as high as 97.7%.

II. C IRCUIT CONFIGURATION OFEXPERIMENTAL SETUP

Fig. 1 shows the circuit configuration of the experimental
direct ac-to-ac converter consisting of two voltage-source half-
bridge converters, whose circuit parameters are summarized in
Tables I and II. Each half-bridge converter is composed of
two power MOSFETs (IXFN201N30P3: IXYS) and a small-
rated filter capacitor (6.6µF). The negative terminals of the two
half-bridge converters are connected each other, while their
positive terminals are connected to the ac main. An induction
heating load is connected to the ac output terminals of the
half-bridges converters. The working coil has a same shape
with a commercial industrial induction heater. This circuit
configuration is similar to a conventional voltage-source H-
bridge inverter except for the connection of the drain terminals
of S1 andS2. The direct ac-to-ac converter draws a sinusoidal
current from the ac main, and can provide a high-frequency
voltage to the resonant load without any dc stage. Therefore,
the ac-to-ac converter requires no diode bridge rectifier and
makes it possible to eliminate the power losses caused by the
forward voltage drop in diodes. The dc capacitor in each half
bridge converter also acts as a switching-ripple filter capacitor.
This makes it possible to reduce the size and cost of the filter
inductorLf and the filter capacitorCf .

The experimental induction heating load is a series-resonant
circuit consisting of resonant capacitorCr and working coil
Lr. The resistorRr is the equivalent resistance representing
the power consumption in its workpiece. The working coil
and the workpiece are designed based on a commercially-used
industrial induction heater. Note that it has a relatively low
quality factor of 2.4 to reduce the applied voltage and cost of
the resonant capacitor as a recent trend of induction heating
systems.

III. SWITCHING MODES AND OPERATING PRINCIPLES

A. Switching Modes and Circuit Equations

Fig. 2 shows four possible switching modes corresponding
to the gate signals, and Table III summarizes the relationship
of the gate signals and the output voltagevout which is applied
across the series-resonant circuit. For the sake of simplicity,
Fig. 2 excludes the switching-ripple filter connected with
the ac main and the loss-less snubber capacitors connected
in parallel with the switching devices. The input current
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Fig. 1. Experimental circuit.

TABLE I
CIRCUIT PARAMETERS OF EXPERIMENTAL SETUP.

AC main voltage Vs 100 V
AC main frequency fs 50 Hz
Filter inductor Lf 500µH (2%)
Filter capacitor Cf 3 µF
Filter capacitor C1, C2 6.6 µF
Snubber capacitor Cs 15.5 nF
Resonant capacitor Cr 1.5 µF
nductance of the working coil Lr 20 µH
Equivalent resistance Rr 1.5 Ω
Resonant frequency fr 29.1 kHz
Quality factor Qr 2.4
Switching frequency fsw 30.5 - 40 kHz
Rated power P 1.3 kW
Gate resistance Rg 7.5 Ω
Dead time Td 0.5 µs

TABLE II
SPECIFICATION OF THE USEDMOSFETS.

Maximum voltage Vdss 300 V
On-resistance Ron 14.5 mΩ
Output capacitance Coss 2550 pF

iin and the output resonant currentiout flow through the
path indicated by the bold lines in Fig. 2. In addition, the
following analysis assumes a positive input voltage (vin > 0)
because configuration and operation of the circuit in Fig. 1 are
symmetrical to the polarity of the input voltage.

The relationship between the input voltagevin and the
capacitor voltagevC1 andvC2 is given by

vin = vC1 − vC2. (1)

Assuming C1 = C2 = C, (1) yields the relation of the
capacitor currentsiC1 and iC2 as

C
dvin
dt

= iC1 − iC2. (2)

Using the switching functionS1 andS2 corresponding to the
switches S1 and S2, the capacitor currentiC1 and iC2 are
represented by

iC1 = iin − S1iout (3)
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Fig. 2. Four possible switching modes. (a) Mode 1. (b) Mode 2. (c) Mode 3.
(d) Mode 4.

TABLE III
GATE SIGNALS AND OUTPUT VOLTAGE IN FOUR POSSIBLE SWITCHING

MODES.

Modes S1 S′1 S′2 S2 vout
Mode 1 on off off on vin
Mode 2 off on on off 0
Mode 3 on off on off vC1

Mode 4 off on off on −vC2

iC2 = S2iout − iin. (4)

Thus,iin, iC1 and iC2 canbe summarized as follows:

iin = (S1 + S2)
iout
2

+
C

2

dvin
dt

(5)

iC1 = (S2 − S1)
iout
2

+
C

2

dvin
dt

(6)

iC2 = (S2 − S1)
iout
2

− C

2

dvin
dt

. (7)

On the other hand, the output voltagevout is given by

vout = S1vC1 − S2vC2. (8)

It is assumed that the transient response of the resonant
circuit is much faster than the input frequency. Neglecting
harmonic components invout, the output currentiout can be
assumed to be proportional to the amplitude of the switching
frequency component invout. Exactly speaking, the harmonic
components invout causes some harmonic current iniout.
For example, the third- and fifth-order harmonic current are
only 6% and 2% of the switching frequency component in
the case of the experimental resonant load withQr = 2.4.
Thus, it is possible to obtain the approximated current based
on the phasor analysis. The resonant currentiout in the series-
resonant load is approximately obtained by

iout ≈
√
2Ṽsw(t)

Zr
sin(ωswt− ϕr), (9)

whereωsw is the switching angular frequency,̃Vsw is the rms
value of the switching-frequency component invout, Zr is the
impedance of the series-resonant circuit, andϕr is its power
factor angle. The impedanceZr and the power factor angleϕr

need to be considered as a function ofωsw:

Zr =

√
Rr

2 +

(
ωswLr −

1

ωswCr

)2

(10)

ϕr = tan−1

(
ωswLr − 1

ωswCr

Rr

)
. (11)

Basically, the switching angular frequencyωsw should be
set at a frequency slightly higher than the resonant angular
frequencyωr as:

ωsw > ωr =
1√
LrCr

. (12)

Then, the ac-to-ac converter is operated at a lagging power
factor just like a conventional series-resonant voltage-source
inverter.

Aforementioned, the resonant currentiout flows into the
capacitorC1 andC2. Therefore, the switching sequence ofS1

andS2 should be decided to achieve soft-switching operation
as well as to avoid over voltage in the capacitorsC1 andC2.

B. Switching Sequence Using Only Mode 1 and Mode 2

Fig. 3 illustrates a simple switching sequence using only
mode 1 and mode 2. In this case, the switching functions are
represented by{

S1 = S2 = 1 (sinωswt > 0)

S1 = S2 = 0 (sinωswt < 0),
(13)

and then, the output voltagevout is given by

vout =

{
vC1 − vC2 = vin (sinωswt > 0)

0 (sinωswt < 0).
(14)

Applying discrete Fourier transformation tovout, a rms value
of the switching frequency component is given by

Ṽsw(t) =
1√
2π

∫ 2π

0

voutsinθswdθ =

√
2

π
vin. (15)

Here, the input voltagevin is assumed to be sinusoidal
waveform with a rms value ofVin and angular frequency of
ωin as

vin =
√
2Vinsinωint . (16)

Neglecting the harmonic components, the resonant current can
be considered as an amplitude-modulated sinusoidal wave-
form, as follows:

iout =
2
√
2Vin

πZr
sin(ωint)sin(ωswt − ϕr). (17)

On the other hand, substituting (13) into (5) yields the input
currentiin as follows:

iin =


iout +

C

2

dvin
dt

(sinωswt > 0)

C

2

dvin
dt

(sinωswt < 0).

(18)



0885-8993 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2017.2712281, IEEE
Transactions on Power Electronics

JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015 4

Mode 1 2 1 2

S1
S′1
S′2
S2

on
off
off
on

off
on
on
off

on
off
off
on

off
on
on
off

vout

vin

0

iout 0

−π 0 π

ϕr
6

π + ϕr
6

−π + ϕr
6

(a)

Mode 1 4 2 3 1 4 2 3

S1
S′1
S′2
S2

on
off
off
on

off
on
on
off

on
off
off
on

off
on
on
off

vout

vin
vC1

0
−vC2

iout 0

0
6

θd
6

π + θd
6

−π + θd
6 ϕr

6

(b)

Fig. 3. Gate signal sequence and output waveforms in case of using only
mode 1 and mode 2 whenvin > 0. (a) In case of neglecting dead time. (b)
In case of considering dead time.

The average value ofiin in a switching cycle can be calculated
as follows:

īin =
2
√
2Vincosϕr

π2Zr
sinωint +

√
2VinωinC

2
cosωint . (19)

The first term in the right hand side of (19) is in phase with
the input voltage in (16), and thus, represents the current
component providing the actual power from the ac main to
the resonant load. On the other hand, the second term means
the reactive power component flowing into the capacitorsC1

andC2. From (19), the input currentiin has a pure sinusoidal
waveform with a unity power factor when the the capacitance
of the capacitorsC1 and C2 is small enough to neglect the
second term.

The first term in the right hand side of (6) and (7) is
always zero when the switching sequence in (13) is applied.
In other words, the capacitor currentiC1 andiC2 include only
the leading current at the input frequencyfin. The capacitor
voltagesvC1 andvC2 are calculated by

vC1 =
1

C

∫
iC1dt =

vin
2

+ V0 (20)

vC2 =
1

C

∫
iC2dt = −vin

2
+ V0, (21)

whereV0 is the constant of integration, which behaves as a dc
offset in the capacitor voltages and takes an arbitrary value.

The dead time in the half-bridge converters has effects on
the switching sequence as shown in Fig. 3(b). During the dead

time, the body diodes in MOSFET may conduct according
to the polarity of iout. Thus, the switching mode becomes
mode 4 during the dead time wheniout > 0, and mode 3
appears wheniout < 0. In both mode 3 and mode 4, the
resonant currentiout charges the capacitorC1 and C2 up.
The average capacitor current in one switching cycle can be
calculated paying attention to the switching mode during the
dead time as

īC =
vin
π2Zr

{
cos(θd − ϕr)− cosϕr

}
, (22)

whereθd is the phase angle corresponding to the dead time
period. Equation (22) implies the average current is usually
positive under practical power factor and dead time conditions,
and thus,̄iC always charges the capacitorsC1 and C2. The
average charging current in one ac-main cycle is given by

IC =
2
√
2Vin

π3Zr

{
cos(θd − ϕr)− cosϕr

}
. (23)

On the other hand, hard-switching operation in the lower
half-bridge converter discharges the capacitorsC1 andC2. The
lower half-bridge converter is operated with hard switching in
the case of the input voltagevin is positive. The hard switching
operation dissipates the stored energy in the snubber capacitors
and causes increasing of the switching power loss [26]. In the
case of the direct ac-to-ac converter,S2 in the lower converter
forces to charge the snubber capacitorCs2′ when it is turned
on atωswt = θd in Fig. 3(b). On the contrary,Cs2 is charged
whenS′2 is turned on. Then, the electrical charge provided to
the snubber capacitors are taken fromC1 andC2. The provided
electrical charge in one switching cycle is represented by

Q = 2CsvC2. (24)

Thus, the average discharge current can be calculated by

I ′C = 2CsVofsw. (25)

The charging current in (23) and the discharging current in
(25) cancel each other under a steady-state condition. From
(23) and (25), the steady-state value of the offset voltageV0

is given by

V0 =

√
2Vin

π3CsZrfsw

{
cos(θd − ϕr)− cosϕr

}
. (26)

Equation(26) implies that the steady-state offset voltageVo

depends on the power factor and the operating frequency.
Thus, an excessiveV0 may cause overvoltage inC1 andC2.
Moreover, the electrical charge in (24) is consumed inS2 and
S′2 as a switching power loss.

C. Switching Sequence Using Only Mode 3 and Mode 4

Fig. 4 illustrates the switching sequence using only mode 3
and mode 4. In this sequence, the switching functions are
essentially provided by{

S1 = 1, S2 = 0 (sinωswt > 0)

S1 = 0, S2 = 1 (sinωswt < 0).
(27)

Fig. 4(a) considers the dead time in the switching sequence
and assumes the capacitor voltage to bevC1 > 0 andvC2 > 0.
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Fig. 4. Gate signal sequence and output waveforms in case of using only
mode 3 and mode 4 whenvin > 0. (a) In case of that both capacitors have
voltage. (b) In case of that capacitorC2 reaches 0 V.

At the initial condition of ωsw = −π, the output current
direction is positive. After the turn-off ofS1 and S′2, the
output capacitance and lossless snubber capacitors inS1 and
S′2 are charged. At the same time, the output capacitance and
lossless snubber capacitors inS′1 andS2 are discharged. And
then the anti parallel diodes toS′1 and S2 begin to conduct
due to the positive output current. Through this process, the
switching mode is changed from mode 3 to mode 4. Thus,S′1
andS2 can be turned on with zero voltage in this transition.
The switchesS1 and S′2 are also operated with zero-voltage
switching operation after the turn-off ofS′1 and S2. This
process is similar to the well-known zero-voltage switching
transition in a conventional resonant inverter in [6].

The output voltage is given by

vout =

{
vC1 (sinωswt > 0)

− vC2 = vin − vC1 (sinωswt < 0),
(28)

and the high-frequency component invout can be represented
by

ṽout =


vC1 + vC2

2
(sinωswt > 0)

− vC1 + vC2

2
(sinωswt < 0).

(29)

Thus,the rms value of the switching frequency component can
be calculated as

Ṽsw(t) =

√
2

π
(vC1 + vC2). (30)

vin6
vout

=

vC1

6

(a)

vin6
vout

=

0

6

(b)

Fig. 5. Additional switching modes whenvin > 0. (a) Mode 3’, (b) Mode 4’.

Substituting (9), (27) and (30) into (6) and (7) yields the
average capacitor currents thoughC1 andC2, given by

īC1 = īC2 = −2(vC1 + vC2)

π2Zr
cosϕr. (31)

Equation (31) indicates thatC1 and C2 are gradually dis-
charged according to the load power factor at the same
time. Considering the voltage relationship in (1), the capacitor
voltagevC2 is always lower thanvC1 whenvin > 0. Therefore,
the capacitor voltagevC2 would finally reach zero.

Fig. 4(b) shows the switching sequence wherevC2 is
zero [24]. Two more switching modes appear in this switching
sequence. Fig. 5 shows the additional two switching modes
when vin > 0. In these modes, the body diodes inS2 and
S′2 conduct at the same time. Then the capacitorC2 is shorted
out by the diode, and thus, the capacitor voltage is maintained
at zero. Thus, one of the MOSFETs in the lower half-bridge
converter can be operated with synchronous rectification by the
gate signals, but the other cannot. Reference [25] introduces
synchronous rectification to the corresponding MOSFETs. The
method provides turn-on gate signals to three of the four
MOSFETs at the same time. However, the critical gate signals
may cause short circuit in the ac grid side, and it is difficult
to apply this method to a practical application.

Aforementioned, the capacitor voltagevC2 is discharged and
finally reach zero whenvin > 0, andvC1 is zero whenvin < 0.
Thus, the capacitor voltages have a waveform of half-wave
rectification. Therefore, this switching sequence can avoid the
overvoltage unlike that in Fig. 3. In addition, all MOSFETs
achieve zero-voltage switching [6]. However, non-negligible
on-state power loss occurs due to the forward voltage drop in
the body diodes corresponding to modes 3’ and 4’.

The output voltagevout in Fig. 4(b) is the same with
that in Fig. 3(a) although the different gate signals are used.
Therefore, the the resonant currentiout is also the same.
Considering the switching functions in (27), the average value
of the input current in one switching cycle can be expressed
by

īin =
2
√
2Vincosϕr

π2Zr
sinωint +

√
2VinωinC cosωint . (32)

The first term is the same with that in (19), and thus, the
input current can also be controlled as a sinusoidal waveform.
On the other hand, the second term is double. Thus, this
control sequence takes a larger reactive power because the
input voltage is applied only toC1 whenvin > 0. However, its
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power factor would still be almost unity because the converter
requires small filter capacitors.

IV. SWITCHING SEQUENCE FOR THEPROPOSED

PHASE-SHIFT CONTROL METHOD

A. Switching Sequence

Fig. 6 illustrates the gate signals and the voltage and current
waveforms of the proposed phase-shift control. In Fig. 6,
the input voltage is assumed to bevin > 0. This switching
sequence adjusts the phase-shift angleϕs between the upper
and lower half-bridge converters to insert mode 3 and mode 4
after mode 2 and mode 1 intentionally. The intentionally
inserted modes can control the average capacitor currents
through C1 and C2, and make it possible to regulate the
capacitor voltagesvC1 andvC2. In other words, the proposed
phase-shift control method can be considered as the modified
version of “the switching sequence using modes 1 and 2”
presented in section III-B.

Attention should be paid to the switching transition from
mode 1 to mode 2 via mode 4, which occurs around−π.
Under the initial condition ofωswt = −π, the resonant
current is positive, the switching mode is mode 1, and the
output voltagevout equalsvin. The switchesS1 and S2 are
conducting at the initial condition−π. Paying attention to
the current direction,iout flows through the channel ofS2
with synchronous rectification. Therefore,S1 can be turned off
with zero-voltage switching due to the corresponding lossless
snubber capacitor at−π, and then, the switching mode is
changed to mode 4 and the output voltage becomes−vC2.
After the dead time,S′1 can be turned on with zero-voltage
switching.

The switch S2 can also be turned off with zero-voltage
switching at a phase angle of−π + ϕs where the polarity of
the resonant current is negative. The switching mode becomes
mode 2 and the output voltage is changed to zero. Likewise,
the switching mode can be changed from mode 2 to mode 1
via mode 3.

The half-bridge converters repeat the sequence of mode 1
→ 4→ 2→ 3→ 1 during the positive input voltage,vin > 0.
When vin < 0, the sequence should be changed to mode 1
→ 3→ 2→ 4→ 1 because the resonant current polarity in
mode 1 and mode 2 is opposite of that during the positive input
voltage. As a result, both half-bridge converters can always
achieve zero-voltage switching.

B. Phase-Shift Angle

In the switching sequence in Fig. 3, the durations of mode 3
and mode 4 depend on the dead time, and thus, the capacitor
current can not be controlled, as shown in (22) and (23).
The proposed switching sequence intentionally inserts the
durations of mode 3 and mode 4. Thus, the capacitor currents
thoughC1 andC2 are controllable in the proposed method.
From the first term in (7), the average capacitor current in one
switching cycle is given by

īC =
vin
π2Zr

{
cos(ϕs − ϕr)− cosϕr

}
. (33)

S1
S′1
S′2
S2

on
off

off
on

off
on

on
off

on
off

off
on

off
on

on
off

vout

vin
vC1

0−vC2

iout 0

Mode 1 4 2 3 1 4 2 3

−π 0 π

ϕr

6
π + ϕr

6
−π + ϕr

6 ϕs
π + ϕs
6

−π + ϕs
6

Fig. 6. Gate signal sequence and output waveforms in case of using proposed
phase-shift control whenvin > 0.

To avoid overvoltage inC1 and C2, the average capacitor
voltage should essentially be controlled at zero. Thus, the
requirement to avoid the overvoltage is represented by

cos(ϕs − ϕr)− cosϕr = 0. (34)

Under the condition of (34), charging and discharging currents
are balanced in both capacitorsC1 and C2 every switching
cycle. Considering a practical ranges of the power factor
and phase-shift angles, the requirement can be simplified as
follows:

ϕs = 2ϕr. (35)

As shown in Fig. 6,iout is negative in the the first half of
mode 3, and it is positive in the other half when the phase-
shift angleϕs is set to satisfy the requirement in (35). This
means thatiout does not provide an average electric charge to
C1 andC2, but the leading current does. Thus, it is possible
to balance the electrical charge flowing intoC1 andC2, and
the capacitor voltages are essentially maintained at a specific
positive level. The proposed phase-shift control enables to
avoid the overvoltage problem. Moreover, the resonant current
flows through the channel of the MOSFET instead of the body
diode because the positive capacitor voltage applied across the
body diode. As a result, it is possible to reduce the power loss
caused by the forward voltage drop in the body diode.

Exactly speaking, bothC1 andC2 are gradually discharged
due to the power losses. When the capacitor voltage reach
zero, one of the body diodes conducts and keeps the capacitor
voltage positive. As a result, the capacitor voltagevC1 and
vC2 are shaped like a half-wave rectification waveform. In
this case, both upper and lower capacitor voltages are almost
zero around the zero crossing ofvin, and the applied voltage
across the MOSFETs are also negligible. Thus, the circuit is
operated with zero-voltage switching even where the resonant
current is very small or zero. Therefore, all switches achieve
zero-voltage switching operation as well as synchronous rec-
tification.

When the phase-shift angle in (35) is applied, the average
value of input current in one switching cycle is also expressed
by (19). Thus, the proposed switching sequence makes it
possible to achieve a pure sinusoidal input current and a unity
power factor.
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Fig. 7. Control block for gate signals.

C. Control Block

Fig. 7 shows an example of a control block diagram for the
proposed phase-shift control method. The load power factor
angleϕr is obtained from the detected resonant currentiout by
using the phase detector (PD). Then, the detected power factor
angleϕr is compared with its reference to adjust the switching
frequencyfsw. Two delay blocks are used to produce the
shifted gate signals. Their delay angle references are switched
according to the polarity of the ac-main voltagevs. Finally,
dead time blocks DT insert an appropriate turn-on delay time
to the gate signals and provide them to the gate drive circuits
for the MOSFETs.

V. EXPERIMENTAL RESULTS

A. Experimental Waveforms

Figs. 8 – 10 show the experimental waveforms obtained by
a 100-V, 1.3-kW induction heating system. In the following
experiments, the switching frequency referencef∗

sw was set at
a constant value to avoid variation in the switching power loss.
Thus, no feedback was implemented in the experimental con-
troller. The switching frequency were set asfsw = 30.5 kHz.
Then, the power factor angle of the induction heating load was
ϕr = 12◦. In the proposed switching sequence, the phase-shift
angle was set toϕs = 24◦ as a fixed value.

Fig. 8 shows the experimental waveforms in case of using
only mode 1 and mode 2. The capacitor voltages in Fig. 8(a)
were sum of the offset voltage component and the ac-main
frequency component. From (26) the offset voltageV0 is
obtained as 82 V considering the the total capacitance of the
snubber capacitor and the output capacitance in the MOSFETs.
The calculated result agrees well with the experimental result.
Fig. 8(b) is the voltage and current waveforms of the ac
main and the output. The ac-main currentis was sinusoidal
waveform with a unity power factor. The envelope of the
output voltagevout seemed to be distorted. This is caused by
the existence of mode 3 and mode 4 in the dead time duration.
The output currentiout was almost sinusoidal because the
dead time duration is quite short. Fig. 8(c) was the closed-
up waveforms of Fig. 8(b). A small ringing and overshoot
appear in the output voltagevout because of the hard-switching
operation.

Fig. 9 shows experimental waveforms in case of using only
mode 3 and mode 4. The capacitor voltagevC1 and vC2

in Fig. 9(a) had a half-wave rectification waveform. When
vs > 0, the capacitor voltagevC2 was zero because the body
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Fig. 8. Experimental waveforms in case of using only mode 1 and mode 2.
(a) Capacitor voltage. (b) Input and output. (c) Closed-up waveforms around
peak ofvs.

diodes inS2 andS′2 conduct. In Fig. 9(b), the ac-main current
is was a sinusoidal waveform and its power factor was almost
unity. No surge voltage was observed invout as shown in
Fig. 9(c) because all MOSFETs were operated with zero-
voltage switching.

Fig. 10 shows experimental waveforms in case of the
switching sequence for the proposed phase-shift control
method. In Fig. 10(a), the capacitor voltagesvC1 and vC2

were quite similar to those in Fig. 9(a). Note that the capacitor
voltages vC1 and vC2 always included a small switching
ripples while ripples appeared during a half cycle in Fig. 9(a).
This implies that the capacitors are not shorted out and no
current flows through the body diode in the MOSFETs. As a
result, the proposed method makes it possible to reduce the
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Fig. 9. Experimental waveforms in case of using only mode 3 and mode 4.
(a) Capacitor voltage. (b) Input and output. (c) Closed-up waveforms around
peak ofvs.

forward voltage drop and the associated power loss.
The ac-main current was also a sinusoidal waveforms and

a unity power factor in Fig. 10(b). In Fig. 10(c), the capacitor
voltage became zero in a short period of 3µs. In this short
period, the body diode in the corresponding MOSFET was
conducting. Then, a small current might be flowing through
the diode, but the power loss would be negligible. On the other
hand, the output voltage in Fig. 10(c) had no surge voltage due
to zero-voltage switching.

Fig. 10(d) shows the closed-up waveforms of Fig. 10(c).
The output voltagevout became negative in a short duration
of 2 µs (24◦), and the switching mode was mode 4. In this
duration, the capacitorC2 is charged wheniout > 0 while
it is discharged wheniout < 0. Thus, the polarity of the
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Fig. 10. Experimental waveforms in case of using proposed phase-shift
control. (a) Capacitor voltage. (b) Input and output. (c) Closed-up waveforms
around peak ofvs (d) Closed-up waveforms of fig. 10(c) for focusing phase-
shift angle.

output currentiout should be changed at the center of the
mode 4 in theory to balance the electric charge in the charging
and discharging periods. However, the discharging period was
slightly longer than the charging period in Fig. 10(d). This was
caused by the slowdv/dt in the switching transition from
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mode 1 to mode 4 due to the smalliout. For this reason,
mode 4 is inserted asymmetrically. In other words, the phase-
shift angle is set to be slightly longer than the requirement in
(35). Therefore, the body diodes turned on for a short time,
but it is possible to prevent overvoltage inC1 andC2 without
feedback control of the capacitor voltage.

B. Comparison of Characteristics

Figs. 11 – 13 show the measured results of the power
loss and power conversion efficiency in the direct ac-to-ac
converter when a frequency control method is applied to adjust
the output power. The power analyzer (PZ4000, Yokogawa,
2 MHz, 0.1%) was used to measure the input powerPin and
the output powerPout. The input powerPin was calculated
from vin andis, the output powerPout was fromvout andiout
in Fig. 1. Thus, the loss of the filter inductorLf was excluded
from the measured power and efficiency.

Fig. 11 is relationship between the output powerPout and
the operating frequencyfsw. The measured range was narrow
in the switching sequence using only mode 1 and mode 2
because the overvoltage occurred when operating frequency
fsw was set higher than 32 kHz. The proposed phase-shift
control sequence exhibited a higher output power than the
others at the same operating frequency because the capacitor
voltagesvC1 andvC2 were increased by 5 V.

Fig. 12 shows the power lossesPloss in the ac-to-ac con-
verter. The switching sequence of using only mode 1 and
mode 2 had a large power loss because of short circuit
of the snubber capacitor. The proposed phase-shift control
demonstrated the smallest power loss among three control
sequences because it can reduce the on-state power loss in
the body diodes.

In this measurement, the measured power losses included
the on-state and switching losses in the MOSFETs and the
ESR loss in the filter capacitor. As shown in Fig. 12, the total
power loss of the proposed method was 30 W at the maximum
output power of 1300 W. Then, the operating frequency was
fsw = 30.5 kHz, and the output current wasIout = 29.5 A.
From the typical value of the on-state resistance in the MOS-
FET, the on-state power loss is calculated as

Pon = 2RonI
2
out = 2× 0.0145× 29.52 = 25.3 W.

Thus, the on-state loss reached 80%of the total power loss.
Assuming that the ESR loss is negligible, the other 20% can
be considered as the switching power loss.

Fig. 13 shows the measurement results of the power conver-
sion efficiencyη. The proposed switching sequence for phase-
shift control had a improved the power conversion efficiency
of 97.7% at the rated power of 1.3 kW. On the other hand,
the measured power losses in the filter inductorLf was only
4 W at the rated power operation. This power losses agrees
well with the calculated copper loss caused by the winding
resistance in the filter inductor. Thus, the core loss in the
filter inductor is quite small because the filter capacitorCf

can effectively suppress the harmonic voltage/current. As a
result, the proposed phase-shift control still exhibits a very
high power conversion efficiency of 97.4%even considering
the inductor power loss.
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VI. CONCLUSION

This paper has proposed the switching sequence for phase-
shift control of the direct ac-to-ac converter. This method
adjust the phase-shift angle between two half-bridge converters
to regulate the capacitor voltages at a reasonable range. As a
result, the all MOSFETs in the ac-to-ac converter can be op-
erated with zero-voltage switching operation and synchronous
rectification. The relationship between the capacitor voltage
and the phase-shift angle has theoretically been discussed, and
the developed theory agreed with the experimental results. In
addition, the proposed switching sequence can improve the
power conversion efficiency. The experimental setup equipped
with the phase-shift control exhibited a high power conversion
efficiency of 97.7% under a 100-V, 1.3-kW and 30-kHz
operating condition.
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