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Abstract—A conventional phase-shift full-bridge (PSFB) con-
verter has a serious voltage oscillation problem across the sec-
ondary rectifier diodes. To overcome this problem, a new voltage
oscillation reduction technique (VORT), which effectively reduces
the rectifier voltage oscillation by a simple nondissipative manner,
is proposed. The concept of VORT is to utilize the operation
of leading-leg transition, which does not cause severe rectifier
voltage oscillation, to the lagging-leg transition. It is simply imple-
mented by employing only a resonant capacitor in series with the
transformer secondary and a small magnetizing inductance of the
transformer without any lossy components. Moreover, the VORT
can realize zero-voltage switching for all switches over a wide load
range using the energy that is stored in the transformer magnetiz-
ing inductor and output filter inductor. The concept, operational
principle, oscillation analysis, and design considerations of VORT
are presented and verified experimentally.

Index Terms—Phase-shift full-bridge (PSFB) converter, voltage
oscillation, zero-voltage switching (ZVS).

I. INTRODUCTION

NOWADAYS, several techniques for high-frequency dc–dc
conversion have been proposed to reduce the compo-

nent stresses and switching losses while achieving high power
density and high efficiency. Among them, a conventional
zero-voltage switching (ZVS) pulsewidth modulation (PWM)
phase-shift full-bridge (PSFB) converter is very attractive in
medium-to-high-power applications and has some desirable
features, such as low current/voltage stress and ZVS, for all
switches by utilizing the transformer leakage inductance and
intrinsic capacitance of switches without any additional cir-
cuitry [1], [2]. However, the interaction between the junction
capacitance of the rectifier and the leakage inductance of the
transformer causes severe voltage overshoot and oscillation
across the rectifier after a commutation. Thus, it increases the
rating of rectifier devices and causes output voltage noise and
electromagnetic interference noise. The simplest way to pre-
vent these problems is the use of resistor–capacitor snubber.
However, severe loss that is dissipated by the snubber makes
it impractical. Hence, several solutions have been proposed to
solve this problem.

As a simple method, an resistor–capacitor–diode clamp cir-
cuit can be adopted across the rectifier [1]–[3]. It shows a
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good performance by limiting the peak value of rectifier voltage
oscillation. However, it cannot damp or prevent the oscillation
itself, and a large amount of power loss also degrades the
efficiency. The use of low-leakage transformer with a separate
inductor and two clamping diodes have been proposed [4].
However, this only clamps the oscillation that is caused by
the separate inductor, but the oscillation that is caused by the
leakage inductor still remains. As a nondissipative method, the
active-clamp circuit completely eliminates the voltage oscil-
lation across the rectifier, but an additional switch increases
system complexity and causes switching loss [5].

In this paper, to overcome the drawbacks of the aforemen-
tioned solutions, a new simple voltage oscillation reduction
technique (VORT) is proposed. The proposed VORT effectively
depresses the voltage oscillation across the rectifier by utilizing
only a resonant capacitor in series with the transformer sec-
ondary and a small magnetizing inductance of the transformer
without any lossy components. Furthermore, this VORT can
realize ZVS for all switches over a wide load range by using
the energy that is stored in the output filter inductor and the
transformer magnetizing inductor.

II. CONCEPT AND IMPLEMENTATION OF VORT

A. Conventional Operation of PSFB Converter

Fig. 1(a), except for Cb, and Fig. 1(b) show the circuit config-
uration and key waveforms of the conventional PSFB converter,
respectively. This converter is regulated by phase-shift control,
and the operation can be divided into the leading-leg transition
and the lagging-leg transition. Therefore, the voltage change of
rectifier diodes occurs accordingly in each transition.

As shown in Fig. 2(a), in the leading-leg transition that
changes Vrec from VS/n down to zero (t1–t2), the filter inductor
current, which can be considered as a current source, discharges
both the output capacitor of leading-leg switch Coss and the
junction capacitor of rectifier diodes Cj , simultaneously. Ct

is an equivalent capacitor of Cj that is reflected from the
secondary (Ct = 2Cj/n2), and 2Coss is a total output capacitor
of Q1 and Q3. Hence, provided that the effect of Llkg in this
operation is small enough, it can be said that both VQ3 and Vrec

decrease linearly by the current source without any oscillation
and reach zero finally.

The lagging-leg transition can be divided into the commuta-
tion operation (t3–t5) and the rectifier charging operation that
changes Vrec from zero up to VS/n (t5 ∼). In the commutation
operation, the high-voltage VS is impressed on Llkg. Therefore,
after the commutation is finished at t5, the resonant circuit
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Fig. 1. PSFB converter. (a) Circuit diagram. (b) Key waveforms of conven-
tional operation.

on which VS is impressed is constituted during the rectifier
charging operation, as shown in Fig. 2(b). Thus, the oscillation
causes the rectifier to ring around VS/n with twice the peak
value, and it is represented as follows:

Vrec(t) =
1
n

VCt(t) =
1
n

[VS − VS cos (ω0(t − t5))] ,

ω0 =
1√

LlkgCt

. (1)

B. Concept of VORT

As mentioned previously, the leading-leg transition would
not cause severe oscillation during the transition. On the other
hand, the commutation operation of the lagging-leg transition

Fig. 2. Equivalent circuit diagram of conventional PSFB converter. (a) t1–t2.
(b) t5 ∼.

is the source of high-voltage oscillation across the rectifier.
Therefore, this paper proposes a new concept that avoids the
conventional commutation operation and then reduces the rec-
tifier voltage oscillation by making the lagging-leg transition
similar to the leading-leg transition. In other words, charging
Coss and Ct simultaneously by the current source like the
leading-leg transition will not cause a high-voltage oscillation
across the rectifier during the lagging-leg transition.

C. Implementation of VORT

To reduce the high-voltage oscillation across the rectifier,
at first, the conventional commutation operation where VS is
impressed on Llkg must be avoided since this high voltage
(= VS) causes high-voltage oscillation after the commutation.
Therefore, simply the small resonant capacitor Cb can be in-
serted in series with the transformer secondary, as shown in
Fig. 1(a). The position of Cb will be discussed later. By this
method, the voltage of Cb that is reflected from the transformer
secondary, i.e., nVCb, is applied to Llkg after Vab reaches zero.
Thus, nVCb forces Ilkg to decay rapidly, and the commutation
is performed during the leading-leg transition, as shown in
Fig. 3(a). Since this commutation is achieved by much smaller
voltage nVCb than VS , only a small voltage oscillation occurs
accordingly after the commutation. The equivalent circuit of
this small oscillation is shown in Fig. 3(b).

Although the conventional high-voltage oscillation problem
after the commutation can be effectively reduced by the afore-
mentioned method, the rectifier charging operation of lagging-
leg transition, which changes Vrec up to VS/n, still remains. To
perform this rectifier charging operation, a hard switching of the
lagging leg is inevitable since the direction of Ilkg is already
changed by the previous commutation. As a result, this hard
switching impresses the high voltage (= VS) on Llkg, as shown
in Fig. 3(c), which causes high-voltage oscillation across the
rectifier in return.

To maintain the effect of Cb and avoid the high-voltage oscil-
lation, a new concept that applies the operation of leading-leg
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Fig. 3. PSFB converter employing resonant capacitor Cb. (a) Operational
waveform. (b) Equivalent circuit (ta ∼). (c) Equivalent circuit (tb ∼).

transition to the rectifier charging operation can be introduced.
To accomplish this proposed concept, simply a small magne-
tizing inductance of the transformer can be utilized. By this
method, the effect of Cb is maintained, and Ilkg still flows to the
positive direction after the commutation by Cb is completed, as
shown in Fig. 4(a). Therefore, the rectifier charging operation
is achieved, as shown in Fig. 4(b), and it is similar to that of
the leading-leg transition that is shown in Fig. 2(a). Hence, pro-
vided that the effect of Llkg in this operation is small enough, it
can be expected that both VQ2 and Vrec increase linearly by
the current source (= ILm − ILo/n) without any oscillation.
Moreover, this rectifier charging operation also means the ZVS
operation, which is achieved by the energy that is stored in Lm

and Lo.
Consequently, the proposed VORT can be simply imple-

mented by utilizing the resonant capacitor Cb in series with the
transformer for the commutation and the small inductance of
Lm for the lagging-leg ZVS.

D. Position and Effect of Resonant Capacitor Cb

The VORT adopts the leading-leg commutation operation
that decreases Ilkg and commutates the rectifier current during

Fig. 4. PSFB converter employing proposed VORT. (a) Operational wave-
forms. (b) Equivalent circuit (tb–tc).

Fig. 5. Inserted position of Cb.

the leading-leg transition by resonant capacitor Cb. The inserted
position of Cb and the waveforms of VCb are represented in
Figs. 5 and 6, respectively. The conventional method perform-
ing this operation is to insert Cb in series with the transformer
primary side [6], [7]. This method utilizes resonant capacitor
voltage VCb, which changes its polarity by the reflected filter
inductor current, for the commutation. Provided that Cb has
only been affected by the reflected filter inductor current, VCb

will have a maximum value at the time of the leading-leg
transition ideally. However, VCb is also affected by ILm in this
method, which forces the instant of maximum VCb to occur
later. In other words, VCb for the leading-leg commutation is
decreased by ILm, and it is more severe as ILm increases.
Therefore, in case of VORT, in which high ILm flows, Cb must
not be affected by ILm. Thus, in this paper, Cb is inserted in
the transformer secondary side rather than the primary side to
effectively prevent the effect of ILm since ILm does not flow in
the secondary side.
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Fig. 6. Voltage waveform of Cb under inserted positions.

III. OPERATIONAL PRINCIPLE

This section presents the detailed operational principle of
VORT. Figs. 1(a) and 7 represent the circuit configuration
and key waveforms of the PSFB converter employing VORT,
respectively. In order to perform mode analysis, several as-
sumptions are made as follows: 1) Switches are ideal, except
for the output capacitor and the internal antiparallel diode.
2) Diodes are ideal, except for the junction capacitor. 3) The
output capacitance of switches Coss is much larger than the
junction capacitance of diodes Cj . 4) ILm and ILo are consid-
ered as current sources during the transition periods. As shown
in Fig. 7, each switching period is subdivided into 12 modes,
and their topological states are shown in Fig. 8.
Mode 1 (t0–t1): Q1 and Q2 are conducting, and Vab(t)

maintains VS . In addition, VS/n − VCb(t) is applied to Vrec(t),
and ILo(t) is expressed as

ILo(t) = ILo(t0) +
VS/n − VCb(t) − VO

LO
(t − t0). (2)

Since VS is applied to Lm, ILm(t) increases to the positive
direction. Ilkg, which comprises ILm(t) and reflected filter in-
ductor current ILo(t)/n, also increases to the positive direction.
Therefore, ILm(t) and Ilkg(t) are expressed as follows:

ILm(t) = ILm(t0) +
VS

Lm
(t − t0) (3)

Ilkg(t) = ILm(t) +
ILo(t)

n
. (4)

Cb is charged by Isec, which comes from ILo, and is increased
linearly until the rectifier commutation is achieved in the
leading-leg transition.

Fig. 7. Key waveforms of VORT.

Mode 2 (t1–t2): After Q1 is turned off at time t1, the
inductor current (= ILm + ILo/n), which can be considered
as current source Ilkg(t1) (= ILm(t1) + ILo(t1)/n), discharges
Coss and Ct simultaneously, as shown in the equivalent circuit
of Fig. 9(a). Provided that the effect of Llkg is small enough,
it can be expected that VQ1(t) is increased linearly, VQ3(t) is
decreased linearly, and Vrec(t) is also decreased with a ratio
of 1/n without oscillation. Since it is assumed that Coss has
much larger capacitance than Ct, most of the current flows
through Coss. Hence, VQ1(t), VQ3(t), and Vrec(t) are expressed
as follows:

VQ1(t) =
Ilkg(t1)
2Coss

(t − t1) (5)

VQ3(t) = VS − Ilkg(t1)
2Coss

(t − t1) (6)

Vrec(t) =
VQ3(t)

n
− VCb(t). (7)

This mode ends at time t2, when Vrec(t) reaches zero. The
interval of this mode can be expressed as follows:

t12 = t2 − t1 =
2Coss (VS − nV Cb(t2))

Ilkg(t1)
. (8)

Mode 3 (t2–t3): After Vrec(t) reaches zero at time t2, all
rectifier diodes conduct, and the reflected resonant capacitor
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Fig. 8. Topological states of mode analysis. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e) Mode 5. (f) Mode 6.

voltage nVCb(t) is applied to Vpri(t). Due to the fixed Vpri(t),
Llkg begins to resonate with Coss. Therefore, the energy that
is stored in Llkg charges the Coss of Q1 and discharges the
Coss of Q3 with decrease in Ilkg(t). Hence, the rectifier current
begins to commutate. Ilkg(t), VQ1(t), and VQ3(t) are expressed

as follows:

Ilkg(t) = Ilkg(t2) cos (ω1(t − t2)) , ω1 =
1√

2LlkgCoss

(9)
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Fig. 9. Equivalent circuit for mode analysis. (a) t1–t2. (b) t4–t5. (c) t5–t6. (d) t6–t7.

VQ1(t) =VS − nVCb(t2) + Ilkg(t2)
√

Llkg

2Coss
sin (ω1(t − t2))

(10)

VQ3(t) = nVCb(t2) − Ilkg(t2)
√

Llkg

2Coss
sin (ω1(t − t2)) . (11)

This mode ends at time t3, when VQ3(t) reaches zero and the
antiparallel diode d3 conducts. To achieve ZVS, Q3 must be
turned on while d3 conducts.
Mode 4 (t3–t4): After Vab(t) reaches zero at time t3,

−nVCb(t) is entirely impressed on Llkg. Therefore, Ilkg(t) is
forced to decay rapidly more than before, and the commutation
is accelerated. In this mode, ILkg(t), ILm(t), and ILo(t) are
expressed as follows:

Ilkg(t) = Ilkg(t3) −
nVCb(t3)

Llkg
(t − t3) (12)

ILm(t) = ILm(t3) +
nVCb(t3)

Lm
(t − t3) (13)

ILo(t) = ILo(t3) −
VO

LO
(t − t3). (14)

Mode 5 (t4–t5): After the commutation is finished at time t4,
the resonant circuit, which causes a small voltage oscillation
across the rectifier, is constituted as shown in Fig. 9(b). This
oscillation leads the rectifier to ring around VCb(t4), and it is
expressed as

Vrec(t) =
1
n

VCt(t) = VCb(t4) − VCb(t4) cos (ω0(t − t4))

ω0 =
1√

LlkgCt

. (15)

Compared with the conventional rectifier voltage oscillation
after the commutation, this voltage oscillation is quite small

since the commutation is achieved by the much smaller voltage
nVCb(t) than the VS of the conventional case.

Although the commutation is finished, Ilkg(t) still flows to
the positive direction due to the high ILm(t), which enables the
ZVS of lagging-leg transition. In this mode, ILo(t), ILm(t), and
Ilkg(t) are expressed as follows:

ILo(t) = ILo(t4) −
VO − VCb(t)

LO
(t − t4) (16)

ILm(t) = ILm(t4) (17)

Ilkg(t) = ILm(t) − ILo(t)
n

. (18)

Cb is discharged to the opposite direction since the direction of
Isec is changed by the commutation.
Mode 6 (t5−t6): After Q2 is turned off at time t5, the

inductor current (= ILm − ILo/n), which can be considered as
the current source Ilkg(t5) (= ILm(t5) + ILo(t5)/n), charges
Coss and Ct simultaneously, as shown in the equivalent circuit
of Fig. 9(c). This lagging-leg transition is similar to the leading-
leg transition that is shown in Fig. 9(a). Therefore, provided that
the effect of Llkg is small enough, it can also be expected that
VQ2(t) is increased linearly, VQ4(t) is decreased linearly, and
Vrec(t) is increased by a ratio of 1/n without oscillation. Since
it is assumed that Coss has much larger capacitance than Ct,
most of the current flows through Coss. Hence, VQ2(t), VQ4(t),
and Vrec(t) are expressed as follows:

VQ2(t) =
Ilkg(t5)
2Coss

(t − t5) (19)

VQ4(t) = VS − Ilkg(t5)
2Coss

(t − t5) (20)

Vrec(t) =
VQ2(t)

n
+ VCb(t). (21)
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This mode ends at time t6, when VQ4(t) reaches zero and the
antiparallel diode d4 conducts. To achieve ZVS, Q3 must be
turned on while d3 conducts. The interval of this mode can be
expressed as

t56 = t6 − t5 =
2CossVS

Ilkg(t5)
. (22)

The operations from t6 to t′0 are the same as the previous
mode, except for the direction of powering. At t′0, one period is
completed, and the same operation is repeated.

IV. ANALYSIS OF RECTIFIER VOLTAGE OSCILLATION

The voltage oscillation after the leading-leg commutation
is explained in mode 5 of the previous section. On the other
hand, the voltage oscillation in the lagging-leg transition has
not been precisely analyzed. Therefore, this section presents the
precise analysis of rectifier voltage oscillation in the lagging-leg
transition.

Mode 6 of Section III presents the lagging-leg transition
that charges Coss and Ct simultaneously by current source
Ilkg(t5) (= ILm(t5) − ILo(t5)/n). Hence, from the equivalent
circuit of mode 6 that is shown in Fig. 9(c), Ilkg(t), VQ2(t), and
Vrec(t) are expressed as follows:

Ilkg(t) = Ilkg(t5)
2Coss

Ct + 2Coss
+ Ilkg(t5)

Ct

Ct + 2Coss

× cos (ω2(t − t5)) , ω2 =

√
Ct + 2Coss

2CtCossLlkg

(23)

VQ2(t) =
Ilkg(t5)

Ct + 2Coss
(t − t5) +

Ilkg(t5)
(Ct + 2Coss)ω2

×
(

Ct

2Coss

)
sin (ω2(t − t5)) (24)

Vrec(t) =
1
n

VCt(t)

= VCb(t5)

+
1
n

[
Ilkg(t5)

Ct + 2Coss
(t − t5)

−Ilkg(t5)
Ilkg(t5)

(Ct + 2Coss)ω2
sin (ω2(t − t5))

]
.

(25)

Equations (23)–(25) present the detailed rectifier charging
operation of lagging-leg transition. As can be seen in these
equations, although the charging operation of Coss and Ct is
mainly achieved by current source Ilkg(t5), it is noted that there
exists some oscillation that is caused by the interaction between
Coss, Ct, and Llkg. After VQ2(t) clamps to VS at time t6, the

equivalent circuit is changed, as shown in Fig. 9(d), and Vrec(t)
after t6 is expressed as follows:

Vrec(t) =VCb(t5)

+
1
n

[
VS − (VS + nVCb(t5) − VCt(t6))

× cos (ω0(t − t6)) − (Ilkg(t6) − Ilkg(t5))

×
√

Llkg

Ct
sin (ω0(t − t6))

]
. (26)

Consequently, (26) gives the rectifier voltage after the
lagging-leg transition including the oscillation. Therefore, from
(26), the pure voltage oscillation term across the rectifier can be
extracted as follows:

1
n

(VS + nVCb(t5) − VCt(t6)) cos (ω0(t − t6))

+
1
n

(Ilkg(t6) − Ilkg(t5))
√

Llkg

Ct
sin (ω0(t − t6)) . (27)

However, the voltage oscillation term (27) does not give the
quantitative intuition. Hence, some calculation is needed from
(23)–(27), with the assumption that Coss�Ct, i.e., Ct/Coss≈0
and Ct + 2Coss ≈ 2Coss. Then, the oscillation term (27) can be
expressed as follows:

Ilkg(t5)
√

LlkgCt

2nCoss
{sin (ω2(t6 − t5)) cos (ω0(t − t6))

+ cos (ω2(t6 − t5)) sin (ω0(t − t6))} . (28)

Consequently, (28) represents the rectifier voltage oscilla-
tion, and the amplitude of this voltage oscillation term is
determined mainly by the following factor as:

Ilkg(t5)
√

LlkgCt

nCoss
. (29)

Therefore, to reduce the oscillation amplitude, the smaller
values of Ilkg(t5), Llkg, and Ct are desirable. On the other hand,
Coss and turns ratio n should be selected as large as possible.

V. DESIGN CONSIDERATION

A. Conditions for VORT

To perform properly VORT, the leading-leg commutation
by Cb and the lagging-leg ZVS by the current source must
be achieved sequentially. Therefore, the conditions of Cb and
Lm are essential factors. The simplified waveform of VORT is
presented in Fig. 10 under the assumption that ILo ≈ IO and
VS � nVCb, and the conditions for VORT are represented as
follows.
1) Condition of Lm: To obtain the lagging-leg ZVS, Ilkg

must flow to the positive direction during the lagging-leg tran-
sition. Since the change of ILm in the freewheeling period is
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Fig. 10. Simplified waveform of VORT.

negligible, Ilkg(td) can be approximated to Ilkg(tc). Hence, the
range of Lm is represented as follows:

Lm <
nDeffVSTS

2IO
. (30)

2) Condition of Cb: Since Cb is inserted in series with
the transformer secondary, Cb is continuously charged by
Isec (≈ IO) during half-cycle until the commutation is
achieved. Therefore, the maximum value of VCb(t), VCbp can
be expressed as follows:

VCbp =
IOTS

4Cb
. (31)

If VCb(t) is treated as a constant voltage source during
the commutation, the required commutation time ∆T can be
expressed as follows:

∆T =
2IOLlkg

n2VCbp
. (32)

To ensure VORT, the leading-leg commutation must be com-
pleted before the lagging-leg transition. Therefore, the range of
Cb is expressed as

Cb <
n2T 2

S

8Llkg
(0.5 − Deff). (33)

B. Decision of Dead Times

The ZVS of VORT is achieved by the energy that is stored
in Lm and Lo. The detailed waveform of ZVS is depicted in
Fig. 11, and the dead times of each leg switches are presented
as follows.
1) Dead Time for Leading-Leg Switches: After the leading-

leg switch Q1 is turned off at t1, Q1 is charged by current
source ILm + ILo/n. Then, when all rectifier diodes conduct
at t2, the energy that is stored in Llkg begins to charge Q1.
In Section III, VQ1(t) has been clamped to VS at t3 while the
commutation has been performing. However, provided that the
energy that is stored in Llkg is insufficient, VQ1(t) cannot be
clamped to VS until the end of commutation t4. In that case,
VQ1(t) is continuously charged by current source ILm − ILo/n
and reaches VS at tc after all, as shown in Fig. 11. Therefore, the

Fig. 11. ZVS waveform of VORT.

ZVS can always be achieved by current sources ILm + ILo/n
and ILm − ILo/n in sequence, even in the worst case that the
energy of Llkg is almost zero. Hence, the minimum required
dead time for the leading-leg switches can be expressed as

Td,lead ≥ 2Coss (VS − nVCb(t2))
Ilkg(t1)

+
2CossnVCb(t2)

Ilkg(t4)
. (34)

2) Dead Time for Lagging-Leg Switches: After the lagging-
leg switch Q3 is turned off at t5, Q3 is charged by current source
ILm − ILo/n. Therefore, the minimum required dead time for
the lagging-leg switches can be expressed as (22).

VI. EXPERIMENTAL RESULTS

To verify the validity of VORT, a 440-W prototype PSFB
converter with 385-Vdc input and 200-Vdc output operating
at 80 kHz has been built with the following specifications:
transformer turns ratio n = 1.5, magnetizing inductor Lm =
430 µH, leakage inductor Llkg = 2.2 µH, output filter inductor
Lo = 700 µH, switches Q1−Q4:FQA16N50, rectifier diodes
DS1−DS4:STTH2003, and resonant capacitor Cb = 470 nF.

Fig. 12 shows the key experimental waveforms under full
load. Fig. 12(a) gives the waveforms of Vab and Ilkg, which
represent that Ilkg is forced to decay rapidly, leading to the com-
mutation in the leading-leg transition, and it still flows to the
positive direction after the commutation is finished. Fig. 12(b)
shows the waveforms of VCb and Isec. These illustrate that Cb

is charged linearly by Isec, which leads VCb to a maximum
value at the leading-leg transition, and the commutation is
performed by this maximum value of VCb in return. Fig. 12(c)
gives the rectifier waveforms and shows that the voltage oscil-
lation is well depressed, which agreed well with the theoretical
analysis.

Figs. 13 and 14 represent the experimental waveforms at
50% and 10% loads, respectively. As the load decreases, Ilkg is
changed similar to ILm, and the peak value of VCb is reduced.
The rectifier voltage oscillation is well suppressed regardless of
the load condition.

Fig. 15 shows the rectifier voltage oscillation of conventional
operations (DS1−DS4:30CPF06 and Llkg = 7.8 µH) without
a snubber. As can be seen in Fig. 15(a), the peak Vrec of
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Fig. 12. Experimental waveforms of VORT at full load. (a) Vab and Ilkg. (b) VCb and Isec. (c) IDs1, IDs3, VDs1, and VDs3.

Fig. 13. Experimental waveforms of VORT at 50% load. (a) Vab and Ilkg. (b) VCb and Isec. (c) IDs1, IDs3, VDs1, and VDs3.

Fig. 14. Experimental waveforms of VORT at 10% load. (a) Vab and Ilkg. (b) VCb and Isec. (c) IDs1, IDs3, VDs1, and VDs3.

conventional operation reaches up to 800 V. In this case,
the synergy effect by the reverse recovery of rectifier diodes
makes the oscillation more severe. As shown in Fig. 15(b),
in the Cb inserted operation, the peak Vrec reaches 500 V.
Although this oscillation is less than the conventional one, it is
still severe. Consequently, the voltage oscillation reduction by
VORT, which results in a Vrec of down to 300 V, is remarkable
compared with other conventional operations.

Fig. 16 shows the switch waveforms for the verification of
ZVS operation. IQ1 and VQ1 represent the leading-leg ZVS

operation, and IQ2 and VQ2 represent the lagging-leg ZVS
operation. In both leading-leg and lagging-leg cases, ZVS is
well achieved over a wide load range due to the energy that is
stored in Lo and Lm.

Fig. 17 represents the comparative efficiency with respect
to the conventional operation, conventional operation with Cb,
and VORT. Since the VORT realizes a wide ZVS range and
there is no dissipative snubber, a higher efficiency of over 95%
can be achieved compared with other conventional operations
employing a snubber. However, the efficiency is decreased in
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Fig. 15. Experimental waveforms of conventional operations. (a) Conventional operation. (b) Conventional operation with Cb.

Fig. 16. Experimental waveforms of ZVS. (a) IQ1 and VQ1 at full load. (b) IQ2 and VQ2 at full load. (c) IQ1 and VQ1 at 10% load. (d) IQ2 and VQ2 at
10% load.

Fig. 17. Measured efficiency.

the light-load condition because of the high circulating current
that is caused by high ILm. The maximum efficiency is 96.5%
at a full load.

VII. CONCLUSION

This paper proposes VORT, a new method that effectively
reduces the rectifier voltage oscillation in a simple nondissipa-
tive manner. The concept of VORT is to apply the operation of

leading-leg transition, which shows no severe rectifier voltage
oscillation, to the lagging-leg transition, and it is implemented
by simply employing the resonant capacitor in series with the
transformer secondary and the small magnetizing inductance
of transformer without any lossy components. Moreover, it
can achieve ZVS for all switches over a wide load range by
using the energy that is stored in the transformer magnetizing
inductor and output filter inductor. A 440-W prototype has
been built to confirm the validity of VORT, and it shows that
the rectifier voltage oscillation is greatly reduced. In addition,
this VORT shows high efficiency due to the lack of severe
loss that is dissipated by a snubber and a wide ZVS range.
Consequently, the distinct advantages of the proposed VORT,
such as the effective reduction of rectifier voltage oscillation,
simple structure, and wide ZVS range, make it very promising
for high-voltage applications with high power density and high
efficiency.

APPENDIX

This appendix provides a detailed analysis of utilizing only
low magnetizing inductance without the secondary capacitor
and the difference from the proposed VORT.

Fig. 18 shows the rectifier voltage oscillation utilizing only
low magnetizing inductance without the secondary capacitor.
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Fig. 18. Rectifier voltage oscillation utilizing only low magnetizing induc-
tance in case that the commutation is finished: (a) after VQ2 is clamped to VS

and (b) before VQ2 is clamped to VS .

In this case, the commutation operation is basically the same
as the conventional operation utilizing a large magnetizing
inductance, and the rectifier voltage oscillation occurred after
the commutation. Therefore, if VQ2 is clamped to VS until
the commutation is finished, as can be seen in Fig. 18(a), the
resonant circuit where VS is impressed is constituted after the
commutation like the conventional operation that is shown in
Fig. 2(b), and the severe voltage oscillation across the rectifier
occurred accordingly. On the other hand, if the commutation
is finished before VQ2 is clamped to VS , as can be seen in
Fig. 18(b), the resonant circuit where VOS is applied is formed
at t4, as presented in Fig. 19(a). VOS is the increased voltage
on Q2 until the commutation is finished. Therefore, it causes
the rectifier to ring, and current source ILm − ILo/n charges
Coss and Ct with this oscillation. If VOS is too small to be
neglected, the equivalent circuit after t4 can be expressed as
Fig. 19(b), and it is the same as that of Fig. 4(b), except for VCb,
i.e., this lagging-leg transition is similar to that of VORT;
thus, Coss and Ct are charged by current source ILm − ILo/n
without the rectifier voltage oscillation.

As mentioned previously, it is noted that the rectifier voltage
oscillation can be well reduced if VOS is small enough. On the

Fig. 19. Equivalent circuits of Fig. 18(b). (a) t4. (b) t4 ∼ (VOS ≈ 0).

Fig. 20. Comparison of conduction loss between (a) VORT and (b) utilizing
only low magnetizing inductance.

other hand, as VOS increases, the rectifier voltage oscillation
also increases. Since Ilkg charges Coss in the commutation, i.e.,
all rectifier diodes are conducted and only the energy in Llkg

charges Coss, VOS depends on the energy that is stored in Llkg,
and it can be expressed as follows:

VOS =

√
Llkg (Ilkg(t3)2 − Ilkg(t4)2)

2Coss
(35)

Ilkg(t3) =
VSDeffTS

2Lm
+

1
n

(
Io −

VO(0.5 − Deff)TS

2LO

)
(36)

Ilkg(t4) =
VSDeffTS

2Lm
− 1

n

(
Io −

VO(0.5 − Deff)TS

2LO

)
.

(37)

As presented in (35), the energy in Llkg should be small, and
Coss should be large to reduce VOS. However, the energy in
Llkg depends on several conditions such as the specifications,
parameters, and load. Therefore, in some cases, VOS can be
increased, resulting in high rectifier voltage oscillation.

In case of VORT, the equivalent circuit of Fig. 4(b), which
does not cause the rectifier oscillation, is always formed in the
lagging-leg transition regardless of other conditions since the
commutation is already finished in the leading-leg transition by
Cb. Furthermore, in the VORT, the leading-leg commutation
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by Cb can considerably reduce the primary conduction loss
in the free-wheeling mode, compared with utilizing only low
magnetizing inductance, as can be seen in Fig. 20. On the
other hand, in case of only low magnetizing inductance, the
equivalent circuit of Fig. 19(a) cause the rectifier oscillation,
and VOS mainly determines its amplitude. Although a small
VOS can reduce the oscillation, it depends on several conditions.

To be brief, the proposed VORT is a more stable method for
the rectifier voltage oscillation, and its primary conduction loss
is less than using only low magnetizing inductance.
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