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Abstract — A family of soft-switched, full-bridge (FB) pulsewidth-modulated (PWM) converters that features zero-voltageswitching (ZVS) of all bridge switches over a wide range of
input voltage and output load with minimal duty cycle loss and
circulating current is described. The ZVS of the primary
switches is achieved by employing two magnetic components
whose volt-second products change in the opposite directions
with a change of phase shift between the two bridge legs. One
magnetic component is a transformer while the other magnetic
component is either a coupled inductor or a single-winding
inductor. The transformer is used to provide isolated output(s),
whereas the inductor is used to store energy for ZVS.

I. INTRODUCTION
The FB ZVS-PWM converter shown in Fig. 1 is the most
widely used soft-switched circuit in high-power applications,
[1]-[5]. This constant-frequency converter employs phaseshift control and features ZVS of the primary switches with a
relatively small circulating energy. However, full ZVS
operation can only be achieved in a limited load and inputvoltage range, unless a relatively large inductance is provided
in series with the primary winding of the transformer which
can be implemented as, either increased leakage inductance
of the transformer, and/or by adding an external inductor.
This increased inductance has a detrimental effect on the
performance of the converter since it causes an increased loss
of duty cycle on the secondary side, as well as severe voltage
ringing across the secondary-side output rectifiers due to the
resonance between the inductance and the junction
capacitance of the rectifier.
Several techniques have been proposed to extend the ZVS
range of FB ZVS converters without loss of duty cycle and
secondary-side ringing [6]-[8]. Generally, these circuits
achieve ZVS of all primary switches in an extended load and
input-voltage range by utilizing energy stored in inductive
components of an auxiliary circuit. In the approach described
and analyzed in [6] and [7], the auxiliary circuit comprises a
pair of inductors that are connected between the mid-point of
the bridge legs and a mid-point of an input-voltage capacitive
divider, whereas in the approach described in [8], the energy
stored in the magnetizing inductance of an auxiliary
transformer is used to extend the ZVS range. While in the
proposed FB ZVS-PWM converters the energy available for
ZVS increases as the input voltage increases, which is the
desirable direction of change since more energy is required to
achieve ZVS at higher input voltages, the stored energy in the

proposed FB ZVS converters is independent of load. As a
result, the proposed FB ZVS-PWM converters cannot
optimally resolve the trade-off between power-loss savings
brought about by a full-load-range ZVS and power losses of
the auxiliary circuit. Ideally, the auxiliary circuit needs to
provide very little energy, if any, at full load because the fullload current stores enough energy in converter’s inductive
components to achieve a complete ZVS of all switches. As
the load current decreases, the auxiliary circuit needs to
provide progressively more ZVS energy, with the maximum
energy required at no load. A FB ZVS-PWM converter that
features this kind of adaptive energy storage in the auxiliary
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Fig. 1. Conventional FB ZVS-PWM converter and its key waveforms.
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circuit has been introduced in [9]. The circuit implements
adaptive energy storage using a coupled inductor connected
between the bridge legs.
In this paper, the concept introduced in [9] is generalized.
The generalized FB ZVS-PWM circuit is then used to derive
a family of FB ZVS-PWM converters that achieve a fullrange ZVS with virtually no secondary-side duty-cycle loss
and parasitic ringing.
II. NEW FAMILY OF FB ZVS-PWM CONVERTERS
Figure 2 shows the generalized, isolated, phase-shiftcontrolled FB ZVS-PWM converter. The circuit in Fig. 2
employs two transformers TX and TY that have their
respective secondary outputs connected to two output circuits
X and Y. In dc-dc implementations, each output circuit
includes a rectifier, low-pass filter, and load. Two constant
voltage sources V1 and V2, connected in series with the
primary winding of transformer TX, are employed to provide
the volt-second balance on the windings of both transformers
so that the transformers do not saturate.
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Fig. 2. Generalized FB ZVS-PWM converter.
S1

ON

OFF

DTs/2

t

Ts

S2

OFF

ON

t
S3

ON

OFF

OFF

ON

t
S4

vAB

t

vIN
DTs/2

0

t

DTs/2

vCO

-v IN

vIN

(1-D)Ts/2

2

0
(1-D)Ts/2
T0

T1

T2

vIN

t

2
T3

T4

Fig. 3. Control timing diagrams of switches and voltages across primary
windings of transformers TX and TY (voltages vAB and vCO,
respectively).

Generally, the volt-second products of the windings of
transformers X and Y shown in Fig. 2 are dependent on the
phase shift between the turn-on instances of the
corresponding switches in bridge legs S1-S2 and S3-S4, as
illustrated in Fig. 3. Namely, for zero phase shift, i.e., when
switches S1 and S2 and their corresponding switches S3 and
S4 are turned on and off in unison (D = 0 in Fig. 3), voltage
vAB across the primary of transformer TX is zero so that the
volt-second product of the primary winding of transformer
TX is also zero. At the same time, since voltage vAC across
winding AC and voltage vCB across winding CB must have
equal polarity and since vAB = vAC + vCB = 0, it follows that
vAC = vBC = 0. As a result, voltage vCO across the primary
winding of transformer TY is VIN/2, i.e., the volt-second
product of the primary winding of transformer TY is
maximal. Similarly, when switches S1 and S2 and their
corresponding switches S3 and S4 are turned on and off in
antiphase, i.e., with a 180° phase shift (D = 1 in Fig. 3), the
volt-second product on the primary of transformer TX is
maximal, whereas the volt-second product of the primary
winding of transformer TY is zero (minimal). Because the
output voltages of output circuits X and Y are directly
proportional to the volt-second products of the corresponding
primary windings, the circuit in Fig. 2 delivers power to
outputs X and Y in a complementary fashion. Specifically,
for zero phase shift (D = 0), maximum power is delivered to
output Y, whereas no power (or minimal power) is delivered
to output X. For 180° phase shift (D = 1), maximum power is
delivered to output X, whereas no power is delivered to
output Y.
Because the incremental changes of the delivered power to
outputs X and Y with phase-shift changes are in opposite
directions, the circuit in Fig. 2 cannot simultaneously regulate
both outputs if constant-frequency control is employed.
Nevertheless, the property of the circuit to deliver power to
outputs X and Y in the complementary fashion makes the
circuit ideal for implementing ZVS of the primary switches in
a wide range of input voltage and load current. Namely, if in
the converter in Fig. 2 one output is regulated, the energy in
that output's filter inductor will decrease as the load
decreases. At the same time, the energy stored in the
magnetizing inductance of the corresponding transformer will
also decrease because a lighter load requires a smaller voltsecond product on the primary winding of the transformer.
However, the filter-inductor energy in the other, unregulated,
output circuit and in the magnetizing inductance of the
corresponding transformer will increase because of an
increased volt-second product on the primary of the
transformer. This increased energy in the output-filter
inductor of the unregulated output and in the magnetizing
inductance of its transformer can be used to create the ZVS
condition for the primary switches at lighter loads, including
no load.
To facilitate the analysis of the operation of the circuit in
Fig. 2, Fig. 4 shows its simplified circuit diagram when
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output Y is regulated. In the simplified circuit in Fig. 4, it is
assumed that only energy stored in the magnetizing
inductance of transformer TX of the unregulated output is
used to create the ZVS condition. Because no energy stored
in the output filter inductor of output circuit X is used to
create the ZVS condition, output circuit X and the associated
secondary of transformer X are not shown in Fig. 4.
Generally, this simplification does not have a significant
effect on the operation of the circuit since the only effect of
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Simplified circuit diagram of converter in Fig. 2 when output Y is
regulated.
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output circuit X is to increase the total available energy that
can be used for creating the ZVS condition. However, due to
a reduced component count, the implementation in Fig. 4 is
preferred in practice. Because only the primary windings of
transformer TX are used in the circuit in Fig. 4, transformer
TX operates as a coupled inductor.
To further simplify the analysis, it is assumed that the
resistance of the conducting semiconductor switches is zero,
whereas the resistance of the non-conducting switches is
infinite. In addition, the leakage inductances of both
transformers are neglected since their effect on the operation
of the circuit is not significant. Finally, the magnetizing
inductance of transformer TY of the regulated output is also
neglected since it does not have a significant effect on the
operation of the circuit. However, the magnetizing
inductance of transformer TX, which operates as a coupled
inductor, and output capacitances of primary switches C1 – C4
are not neglected in this analysis because they play a major
role in the operation of the circuit. Consequently, in Fig. 4,
transformer TX is modeled as an ideal transformer with
magnetizing inductance LMX connected across the series
connection of primary windings, whereas transformer TY is
modeled only by an ideal transformer with turns ratio nY. It
should be noted that magnetizing inductance LMX of
transformer TX represents the inductance measured between
terminals A and B.
With reference to Fig. 4, the following relationships
between currents can be established:
i PY = i PX1 + i PX 2 ,
(1)
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(2)

i 1 = i PX1 + i MX ,

(3)

i 2 = i PX 2 − i MX .
(4)
Since the number of turns of winding AC and winding CB of
transformer TX are the same, it must be that
i PX1 = i PX 2 .
(5)
Substituting Eq. (5) into Eqs. (1)-(4) gives
i
i PX1 = i PX 2 = SY ,
(6)
2n Y
i1 =

t
vPY

N PY i PY = N SY i SY ,

i SY
+ i MX ,
2n Y

(7)

i SY
− i MX ,
(8)
2n Y
where nY = NPY / NSY is the turns ratio of transformer TY.
As can be seen from Eqs. (7) and (8), currents of both
bridge legs i1 and i2 are composed of two components: loadcurrent component iSY/2nY and magnetizing-current
component iMX. The load-current component is directly
depended on the load current, whereas the magnetizing
current does not directly depend on the load, but rather on the
volt-second product across the magnetizing inductance.
Namely, a change of the magnetizing current occurs only if
the phase shift is changed to maintain the output regulation.
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i2 =

Generally, a change of phase shift with a load change is
greater at lighter loads than at heavier loads because as the
load decreases toward no load the converter enters
discontinuous conduction mode. Since in the circuit in Fig. 4
the phase shift increases as the load approaches zero, the
volt-second product of LMX also increases so that the circuit
in Fig. 4 exhibits the maximum magnetizing current at no
load, which makes it possible to achieve ZVS at no load.
Because magnetizing current iMX does not contribute to the
load current, but flows between the two bridge legs, it
represents a circulating current as seen in Fig. 4. Generally,
this circulating current and its associated energy should be
minimized to reduce losses and maximize the conversion
efficiency. Due to an inverse dependence of the volt-second
product of LMX on the load current, the circuit in Fig. 4
circulates less energy at full load than at light load, and,
therefore, features ZVS in a wide load range with a minimum
circulating current.
To further understand the operation of the circuit in Fig. 4,
Fig. 5 shows its key voltage and current waveforms when the
circuit is implemented as a dc-dc converter. The waveforms
in Fig. 5 are obtained based on analysis which assumes that
output circuit Y comprises a low-pass LC filter, which has a
large filter inductance LF so that during a switching cycle the
reflected load current into the primary of transformer TY is
constant, as shown in Fig. 5. As can bee seen from
waveforms in Fig. 5, for all four primary switches S1 through
S4 the magnitude of the current flowing trough the switch at
the turn-off moment is the same, i.e.,
i
i 1 (T1 ) = i 2 (T4 ) = i 1 (T7 ) = i 2 (T10 ) = PY + I MX , (9)
2
where, IMX is the amplitude of the magnetizing current iMX.
According to Eq. (9), commutation of the switches in both
legs is done by the energy stored by primary current iPY and
magnetizing current iMX during the period when the
capacitance of the turned-off switch is charging (voltage
across the switch is increasing) and the capacitance of the
switch that is about to be turned on is discharging (voltage
across the switch is decreasing). While the commutation
energy contributed by magnetizing current iMX is always
stored in magnetizing inductance LMX of transformer TX, the
commutation energy contributed by current iPY is stored
either in the filter inductance of output circuit Y, or leakage
inductances of transformers TX and TY. Specifically, for
leading-leg switches S1 and S2, the commutation energy
contributed by iPY is stored in output-filter inductor LF,
whereas for lagging-leg switches S3 and S4 it is stored in the
leakage inductance of the transformers. Since it is desirable
to minimize the leakage inductance of transformer TY to
minimize the secondary-side parasitic ringing, the energy
stored in its leakage inductances is relatively small, i.e., much
smaller than the energy stored in the output-filter inductance.
As a result, in the circuit in Fig. 4, it is easy to achieve ZVS
of leading-leg switches S1 and S2 in the entire load range,

whereas ZVS of lagging-leg switches S3 and S4 requires a
proper sizing of magnetizing inductance LMX since at light
loads almost entire energy required to create the ZVS
condition of lagging-leg switches S3 and S4 is stored in the
magnetizing inductance.
A similar analysis can be performed by assuming that
output X of the circuit in Fig. 2 is regulated. A simplified
circuit diagram when output X is regulated is shown in Fig. 6.
In the simplified circuit in Fig. 6, it is assumed that only
energy stored in the magnetizing inductance of transformer
TY of the unregulated output is used to create the ZVS
condition. Because no energy stored in the filter-inductor of
output circuit Y is used to create the ZVS condition, output
circuit Y is not shown in Fig. 6, which represents the
preferred implementation due to a minimum component
count. Furthermore, because of the absence of output circuit
Y, transformer TY operates with the secondary winding
opened, i.e., only the primary winding of the transformer is
involved in the operation of the circuit. Therefore, in the
circuit in Fig. 6, transformer TY operates as an inductor. In
the simplified circuit in Fig. 6, this inductor is modeled by
inductance LMY. Also, in Fig. 6, the magnetizing inductance
of transformer TX is neglected because it has no important
role in the operation of the circuit.
With reference to Fig. 6, the following relationships
between currents can be established:
(10)
N PX i 1 − N PX i 2 − N SX i SX = 0 ,
i MY = i 1 + i 2 .
Solving Eqs. (10) and (11) for i1 and i2 gives
i
i
i 1 = MY + SX ,
2
2n X

(11)
(12)

i
i MY
− SX .
(13)
2
2n X
where nX = NPX / NSX is the turns ratio of transformer TX.
As can be seen from Eqs. (12) and (13), as in the case of
implementation in Fig. 4, currents of both bridge legs i1 and
i2 are composed of two components: load-current component
iSX/2nX and magnetizing-current component iMY/2. The loadcurrent component is directly depended on the load current,
whereas the magnetizing current does not directly depend on
the load, but rather on the volt-second product across the
magnetizing inductance. Since in the circuit in Fig. 6 the
phase shift decreases as the load approaches zero, the voltsecond product of LMY also increases so the circuit in Fig. 6
exhibits the maximum magnetizing current at no load, which
makes it possible to achieve ZVS at no load.
As can be seen from Fig. 6, magnetizing current iMY does
not contribute to the load current because half of this current
flows through primary windings AC and CB of transformer X
in opposite directions. Therefore, current iMY represents a
circulating current that should be minimized. Due to an
inverse dependence of the volt-second product of LMY on the
load current, the circuit in Fig. 6, likewise the circuit in
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Fig. 4, circulates less energy at full load than at light load,
and, therefore, features ZVS in a wide load range with a
minimum circulating current.
Figure 7 shows key current and voltage waveforms of the
circuit in Fig. 6, when the circuit is implemented as a dc-dc
converter. The waveforms in Fig. 7 are obtained by assuming
that output circuit X comprises a low-pass LC filter, which
has a large filter inductance LF so that during a switching
cycle the reflected load current into the primary of
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Fig. 6. Simplified circuit diagram of converter in Fig. 2 when output X is
regulated.
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transformer TX is constant, as shown in waveform in Fig. 7.
As can be seen from waveforms in Fig. 7, for all four primary
switches S1 through S4 the magnitude of the current flowing
through the switch at the turn-off moment is the same, i.e.,
i 2 (T1 ) = i1 (T4 ) = i 2 (T7 ) = i1 (T10 ) =

where IMY is the amplitude of the magnetizing current iMY.
However, it should be noted that opposite from the
implementation in Fig. 4, in the implementation in Fig. 6 the
energy for creating the ZVS condition of lagging-leg switches
S3 and S4 is stored in the output filter inductor, whereas the
energy for creating the ZVS condition of leading-leg switches
S1 and S2 is stored in the leakage inductances of transformer
TX and inductance LMY. Therefore, in the circuit in Fig. 6, it
is harder to achieve ZVS of the leading-leg switches than the
lagging-leg switches. In fact, since almost all energy for zerovoltage commutation of leading-leg switches S1 and S2 is
stored in inductance LMY, to achieve ZVS of the leading-leg
switches in a wide load range a proper sizing of the
magnetizing inductance LMY is required.
From the generalized circuit in Fig. 2, a family of FB ZVSPWM circuits can be derived. Figures 8 through 10 shows
some examples of these circuits implemented as dc-dc
converters. The circuit in Fig. 8 is derived from the circuit in
Fig. 4 by implementing output circuit Y with a full-wave
rectifier. Transformer TX of the unregulated output is
implemented as coupled inductor LC, whereas voltage
sources V1 and V2 are implemented with capacitors CB1 and
CB2, respectively. Namely, if capacitors CB1 and CB2 are large
enough so that the resonant frequency of the series resonant
circuit formed by these capacitors and the magnetizing
inductance of LC is much smaller than the switching
frequency than the voltage across capacitors is constant and
equal to VIN/2. It also should be noted that the circuit in
Fig. 8 can be also implemented with other types of the
secondary-side rectifier circuit such as, for example, the
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Fig. 8. Implementation of FB ZVS-PWM converter derived from circuit in
Fig. 4 when Y is regulated output.
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Figure 10 shows the implementation of the FB ZVS-PWM
converter according to the circuit in Fig. 6 when X is
regulated output. This converter employ capacitors CB1 and
CB2 to implement source V1 and V2. It should be noted that
the circuits in Fig. 8 and 9 use coupled inductor LC to store
energy for ZVS, whereas inductor L in the circuit in Fig. 10
is uncoupled.
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Fig. 6 when X is regulated output.

current-doubler rectifier.
Figure 9 shows a topology derived from the circuit in
Fig. 6. In this topology, voltage sources V1 and V2 are shifted
from the respective primaries of transformer TX into the
primary of transformer TY. Since this circuit transformation
does not change any of the circuit’s branch currents and node
voltages, it also does not change the waveforms of the circuit.
As a result, voltage sources V1 and V2 are implemented with
single capacitor CB1 in Fig. 9. However, to prevent the
saturation of transformer TX when the switching waveforms
of the bridge legs are not identical, capacitor CB is connected
in series with transformer TX, i.e., coupled inductor LC.
Generally, the voltage across capacitor CB is small (close to
zero) since this capacitor only takes on the voltage difference
caused by a mismatching of the bridge legs, which is usually
small.

III. DESIGN GUIDELINES
To achieve ZVS of the converter shown in Fig. 2, the sum
of the energy stored in the leakage inductance of the
transformer in the regulated output and the magnetizing
inductance of the transformer in the unregulated output must
be at least equal to the energy required to discharge the
capacitances of the switches which are about to be turned on
and off. At heavier load currents, ZVS is primarily achieved
by the energy stored in the residual leakage inductances of
the transformers in the regulated output. As the load current
decreases, the energy stored in the leakage inductances also
decreases, whereas the energy stored in the magnetizing
inductance of the transformer of the unregulated output
increases so that at light loads this magnetizing inductance
provides an increasing share of the energy required for ZVS.
In fact, at no load, the magnetizing inductance provides the
entire energy required to create the ZVS condition.
Therefore, if the value of the magnetizing inductance of the
transformer in the unregulated output is selected so that ZVS
is achieved at no load and maximum input voltage VIN(max),
ZVS is achieved in the entire load and input-voltage range.
Neglecting the capacitances of the transformer’s windings,
magnetizing inductance LMX necessary to achieve ZVS of
legging-leg switches in the implementations where output Y
is regulated is given by
1
L MX ≤
,
(15)
32Cf S2
whereas, magnetizing inductance LMY required to achieve
ZVS of leading-leg switches in the implementations where
output X is regulated is given by
1
,
(16)
L MY ≤
128Cf S2
where C is the total capacitance across the primary switches
(parasitic and external capacitance, if any) in the
corresponding legs.
The control of the proposed circuits is the same as that of
the conventional constant-frequency FB ZVS-PWM
converter. In fact, any of the integrated phase-shift controllers
available on the market can be used to implement the control
of the proposed circuit. However, it should be noted that in
the circuits with regulated output Y, the maximum output
voltage (volt-second product) is obtained when the bridge
legs are operated in phase (0° phase shift), whereas the
maximum output voltage (volt-second product) for the
circuits with regulated output X occurs when the bridge legs
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are operated in antiphase (180° phase shift). This difference
in the control characteristics of the two circuit
implementations has a minor effect on the control loop
design since a simple control-signal inversion in the voltage
control loop solves the problem.
IV. EXPERIMENTAL RESULTS
The performance of the proposed circuit shown in Fig. 8
was verified on a 670-W experimental prototype operating at
112 kHz, as reported in [9]. The experimental converter was
designed to operate from 400-V dc input and deliver 14 A
from a 48-V output. The phase-shift control circuit was
implemented using a UC3875 controller. Figure 11 shows the
measured waveforms of the proposed FB ZVS converter. As
can be seen from the waveforms in Fig. 11, the proposed
converter has a very small duty cycle loss (< 4 %), as well as
a small parasitic ringing because of a minimized leakage
inductance of the transformer that is less than 2 µH measured
on the primary side.
The proposed converter shows a conversion efficiency
improvement in the entire measured power range as shown in
Fig. 12. Generally, the efficiency improvement is more
pronounced at light loads where the conventional FB ZVS

VS
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iP
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Duty Cycle Loss
< 4%

VQ2
[500 V/div]
VQ4
[500 V/div]

Fig. 11. Measured key waveforms at PO=670 W. From top to bottom:
secondary voltage VS; primary current iP drain-to-source voltage
VQ2 of Q2; drain-to-source voltage VQ4 of Q4. Time base: 1 µs/div.
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converter operates with hard switching. Specifically, the
measured efficiency is approximately 89% at 10% load and
95% at full load.
V. CONCLUSION
A new family of isolated, constant-frequency, phase-shift
FB ZVS-PWM converters that can achieve complete ZVS in
a wide range of load current and input voltage is introduced.
The introduced FB ZVS-PWM family employs an auxiliary
circuit in which the energy that is used for creating the ZVS
condition is not only dependent on the input voltage, but is
also dependent on the load. Specifically, the auxiliary circuit
provides very little energy at full load, whereas it provides
maximum energy for ZVS at no-load. In the auxiliary circuit
in the proposed family of FB ZVS-PWM converters, the
energy-storage component is an inductor, either coupled or
uncoupled. Since this inductor does not appear in the powertransfer path, i.e., does not carry the load current, it also does
not cause a loss of duty cycle or voltage ringing across the
output rectifiers.
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