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Interleaved ZVS Converter With
Ripple-Current Cancellation
Bor-Ren Lin, Senior Member, IEEE, and Chien-Lan Huang

Abstract—In this paper, an interleaved soft-switching converter
with ripple-current cancellation is presented to achieve zerovoltage-switching (ZVS) turn-on and load current sharing. In
order to achieve ZVS turn-on, an active snubber is connected in
parallel with the primary winding of the transformer. The energy
stored in the transformer leakage inductance and magnetizing
inductance can be recovered so that the peak voltage stress of
switching devices is limited. The resonance at the transition interval is used to realize ZVS turn-on of all switches. In order
to achieve three-level pulsewidth-modulation (PWM) scheme, an
addition fast-recovery diode is used in the converter. Three-level
PWM scheme can reduce the ac ripple current on the output
inductor such that the output inductor can be reduced. The
current-doubler rectifier is adopted in the secondary side of the
transformer to reduce the transformer secondary-winding current
and output voltage ripple by canceling the current ripple of two
output inductors. The output voltage is controlled at the desired
value using the interleaved PWM scheme. These features make the
proposed converter suitable for the dc–dc converter with high output current. The operation principles, steady state analysis, and
design equations of the proposed converter are provided in detail.
Finally, experiments based on a 600-W (12 V/50 A) prototype are
provided to verify the effectiveness and feasibility of the proposed
converter.
Index Terms—Converters, interleaved pulsewidth modulation
(PWM), zero-voltage switching (ZVS).

I. I NTRODUCTION

S

WITCHING-MODE power supplies have been widely
used to supply the constant dc voltage for the output load.
The voltage stress of switches in the conventional forward
or flyback converter with two switches equals the input voltage. However, the power switches are operated in the hard
switching, and the available duty cycle is less than 50%.
Passive resistor–capacitor–diode circuit can be used to reduce
the energy stored in the leakage inductance. Therefore, the
voltage stresses of switching device can be reduced. However,
the total efficiency of converter is not greatly improved. Softswitching two-switch forward converters have been proposed
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ing frequency. Active-clamp technique [7]–[14] is one of the
most attractive zero-voltage-switching (ZVS) techniques in
applications of low voltage dc-dc converter. The active-clamp
converter uses the leakage inductance and output capacitance
of switching device to implement ZVS operation and to absorb
the surge energy stored in the leakage inductance. The ringing
voltage at the transformer primary side is suppressed such
that the voltage stress of the switching device is reduced. The
current-doubler rectifier [15]–[17] has the advantages of lowroot-mean-square (rms) current of the transformer secondary
winding, low output-voltage ripple at the output capacitor, and
low filter inductance at the output side. The parallel-connected
converters are generally used for high-output-current applications. Parallel-connected forward converter with interleaved
pulsewidth-modulation (PWM) scheme has been proposed in
[18]–[20] to reduce the size of the magnetizing components
and lower power losses and thermal stresses of the power
converters. The output ripple current can be reduced due to the
ripple-cancellation effect.
This paper presents an interleaved ZVS converter which
combines two two-switch forward-type converters with ripplecurrent cancellation. Active snubber circuit is adopted in the
proposed converter to achieve ZVS turn-on of switches and
to absorb the energy stored in the leakage and magnetizing
inductances. Thus, the voltage stresses of switches are limited.
Based on the resonance with the components of the leakage
inductance and parasitic capacitance of switches, the ZVS turnon can be achieved during the transition interval. In order
to realize the three-level PWM scheme, an additional diode
is connected between the center point of input dc bus and
the primary side of the transformer to generate three-level
voltage in the primary voltage. The current-doubler rectifier is
adopted in the transformer secondary side to reduce the current
rating of the secondary windings and to decrease the ripple
current on the output capacitor. The interleaved PWM scheme
is used to control two converter cells and regulate the output
voltage. The circuit configuration, principle of operation, and
design considerations of the proposed converter are presented
in detail. Finally, experiments, based on a 600-W (12 V/50 A)
prototype, are presented to verify the feasibility of the proposed
converter.
II. C IRCUIT C ONFIGURATION
The circuit configuration of the proposed converter is shown
in Fig. 1. Two ZVS converters are connected in parallel to share
the load current and achieve output ripple-current cancellation.
Cd1 and Cd2 are dc split capacitors. Converter cell 1 includes
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Fig. 1.

Circuit configuration of the proposed interleaved ZVS converter.

switches, S11 , S12 , and S13 , diodes D1, D11 and D12 , resonant inductor Lr1 , output inductors, L11 and L12 , dc clamp
capacitor C1, resonant capacitors, Cr11 and Cr12 , and transformer T1. The converter cell 2 includes S21 , S22 , and S23 ,
diodes D2, D21 and D22 , resonant inductor Lr2 , output inductors, L21 and L22 , dc clamp capacitor C2, resonant capacitors,
Cr21 and Cr22 , and transformer T2. Co is the output capacitor,
and R is the output load. The current-doubler rectifiers are
used in the secondary side of transformers to achieve output
ripple-current cancellation. The PWM signals of two converter
cells are controlled by the interleaved scheme so that the ripple
current at the output capacitor can be further reduced. The
duty cycles of switches S11 and S22 are d with a phase shift
of 180◦ . The duty cycles of switches S12 , S13 , S21 , and S23
are 0.5. However, the PWM signals of switches S12 and S13
in cell 1 and S21 and S23 in cell 2 are complementary with
each other with a small delay time to realize ZVS feature
based on the resonance of Lr1 , Cr11 , and Cr12 in cell 1 and
Lr2 , Cr21 , and Cr22 in cell 2. Therefore, all switches in the
proposed converter are turned on at ZVS during the transition
interval.
III. P RINCIPLE OF O PERATION
Fig. 2 shows the key waveforms of the proposed converter. Switches S11 and S22 are driven in the interleaved PWM.
Before the analysis, one makes the following assumptions.
1) All switches and diodes are ideal. 2) All the inductor and
capacitors are ideal. 3) Cr11 = Cr12 = Cr21 = Cr22 , and C1 =
C2 . 4) Lr1 = Lr2 , L11 = L12 = L21 = L22 , and Lm1 = Lm2 .
5) The turn ratio of transformers T1 and T2 is n = np /ns .
6) The split capacitors Cd1 and Cd2 are large enough to
be considered as two voltage sources with a value of vin /2.
7) The clamp capacitors C1 and C2 are much larger to be treated
as a constant voltage during a switching period. 8) The output
inductors L11 ∼ L22 are large enough to be considered as the
constant current sources during a switching period. Switches
S11 and S22 have the same duty cycle d. In order to reset
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the transformer, the maximum duty cycle d of S11 and S22 is
limited to 0.5. The PWM signals of switches S12 and S13 in
cell 1 and S21 and S23 in cell 2 are complementary with each
other with a short delay time to achieve ZVS operation. There
are 14 operation modes during a switching period. Referring to
the equivalent circuits shown in Fig. 3, the operation principle
of the converter is described as follows.
1) Mode 1 [t0 , t1 ]: At time t0 , the rectifier diodes D11 and
D22 are off. In converter 1, S11 , S12 , and D12 are conducting,
and vLm1 + vLr1 = vin . The inductor current iLr1 increases.
The power is transferred from the input voltage source vin
to output load through S11 , S12 , T1, L11 , Co , and D12 . The
transformer secondary voltage vs1 is positive. The secondarywinding current is1 flows through L11 , Co , and D12 . The inductor current iL12 flows through diode D12 , inductor L12 , and
output capacitor Co . The voltages across output inductors L11
and L12 are positive and negative, respectively. The inductor
current iL11 increases linearly while iL12 decreases linearly.
The output current i1 = iL11 + iL12 . The ripple currents of
inductors L11 and L12 partially cancel each other so that the
output ripple current on the output capacitor Co is reduced.
In converter 2, switch S23 and diode D21 are conducting. The
transformer primary voltage is negative. Therefore, iLr2 decreases linearly. The energy stored in Lr2 and Lm2 are released
to output load through S23 , T2, L22 , Co , and D21 . The inductor
voltages vL21 < 0 and vL22 > 0 so that the inductor current
iL21 decreases and iL22 increases. Therefore, the ripple-current
cancellation at the output side of converter 2 is achieved. This
mode ends at t1 when the switch S11 is turned off.
2) Mode 2 [t1 , t2 ]: At time t1 , switch S11 is turned off. The
inductor current iLr1 charges capacitor Cr11 from 0 V to v1 .
Since the capacitance of Cr11 is much smaller, the capacitor
voltage vCr11 or vS11, ds increases linearly. The inductor current
iLr1 is almost constant. At time t2 , the capacitor voltage vCr11
equals v1 , and diode D1 is on to conduct inductor current iLr1 .
In this mode, the operating condition of converter cell 2 is the
same as that in mode 1.
3) Mode 3 [t2 , t3 ]: At time t2 , the capacitor voltage
vCr11 = v1 , and the diode D1 is in the ON state. The primary
voltage of transformer T1 equals v2 . The power is transferred
from the input voltage source v2 to output load through S12 ,
T1, L11 , Co , and D12 . The transformer secondary voltage vs1 ≈
v2 /n > vo . Therefore, the secondary-winding current is1 flows
through L11 , Co , and D12 . The inductor current iL11 increases
linearly. Since D12 is in the ON state, the inductor voltage
vL12 = −vo , and the inductor current iL12 decreases. In this
mode, the operating condition of converter 2 is the same as that
in mode 1. This mode ends at time t3 when S12 and S23 are
turned off.
4) Mode 4 [t3 , t4 ]: At time t3 , switch S12 and S23 are
turned off. In converter 1, the inductor current iLr1 charges
capacitor Cr12 . Since the capacitance of Cr12 is much smaller,
the capacitor voltage vCr12 or vS12, ds increases linearly from
zero voltage. The inductor current iLr1 is almost constant. In
converter 2, the inductor current iLr2 is negative so that Cr21
and Cr22 are discharged from the initial value of (vin + vC2 )/2.
The capacitor voltages vCr21 and vCr22 decrease linearly. During this mode, the inductor current iLr2 is almost constant. At
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Fig. 2. Key waveforms of proposed converter.

time t4 , Cr21 and Cr22 are discharged to vin /2. Therefore, the
primary and secondary voltages of transformer T2 are zero.
The diodes D21 and D22 are both on to commutate the output
current i2 .
5) Mode 5 [t4 , t5 ]: At time t4 , the capacitor voltages
vCr21 = vCr22 = vin /2, and the magnetizing inductor voltage
vLm2 = 0. The diodes D21 and D22 are all in the ON state.

The converter output current i2 begins to commutate from
D21 to D22 . The diode current iD22 increases linearly, and
the diode current iD21 decreases linearly. The energy stored
in the output inductors L21 and L22 starts to discharge, since
the output inductor voltages vL21 = vL22 = −vo . The inductor
currents iL21 and iL22 decrease linearly. The components Lr2 ,
Cr21 , and Cr22 start to resonate in this mode. The inductor
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Fig. 3. Equivalent circuits of the proposed converter during one switching cycle. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e) Mode 5. (f) Mode 6.
(g) Mode 7. (h) Mode 8. (i) Mode 9. (j) Mode 10. (k) Mode 11. (l) Mode 12. (m) Mode 13. (n) Mode 14.
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current iLr2 and capacitor voltages vCr21 and vCr22 are expressed as
(t − t4 )
iLr2 (t) = iLr2 (t4 ) cos 
Lr Cr /2
vCr21 (t) = vCr22 (t)




= vin + iLr2 (t4 )

2Lr
(t − t4 )
sin 
Cr
Lr Cr /2


2

(1)

where Cr =
Cr21 = Cr22 = Cr11 = Cr12 and Lr = Lr1 = Lr2 .
Since 1/2π Lr Cr /2  f (switching frequency), the inductor
current iLr2 and capacitor voltages vCr21 and vCr22 can be
rewritten as
iLr2 (t) ≈ iLr2 (t4 )



2iLr2 (t4 )
2.
(t − t4 )
vCr21 (t) = vCr22 (t) ≈ vin +
Cr

(2)

This mode ends at time t5 when the capacitor Cr12 is charged
to v2 or vin /2.
6) Mode 6 [t5 , t6 ]: At time t5 , the voltage vCr12 equals
to v2 or vin /2, and the primary- and secondary-side voltages
of transformer T1 are zero. The diode D11 starts to conduct.
Therefore, the diodes D11 and D12 are in the commutation
mode. The diode current iD11 increases linearly, and the diode
current iD12 decreases linearly. The energy stored in the output
inductors L11 and L12 starts to discharge, since vL11 = vL12 =
−vo . The inductor currents iL11 and iL12 decrease linearly. The
components Lr1 and Cr12 start to resonate in this mode. The inductor current iLr1 and capacitor voltage vCr12 are expressed as
(t − t5 )
iLr1 (t) = iLr1 (t5 ) cos √
Lr Cr

Lr
vin
(t − t5 )
+ iLr1 (t5 )
vCr12 (t) =
sin √
.
(3)
2
Cr
Lr Cr
√
Since resonant frequency 1/2π Lr Cr is much higher than the
switching frequency, the inductor current iLr1 and capacitor
voltage vCr12 can be rewritten as
iLr1 (t) ≈ iLr1 (t5 )
vCr12 (t)(t) ≈

iLr1 (t5 )
vin
+
(t − t5 ).
2
Cr

(4)

This mode ends at time t6 when the capacitors Cr21 and
Cr22 are discharged to zero, and capacitor Cr12 is charged to
v2 + vC1 .
7) Mode 7 [t6 , t7 ]: At time t6 , the capacitor voltages vCr21
and vCr22 are zero voltage, and the capacitor Cr12 is charged
to v2 + vC1 . Then, the antiparallel diodes of S21 , S22 , and S13
are on to conduct current. In converter 1, the secondary side
of the transformer is still in the commutation mode. The diode
current iD11 increases and iD12 decreases. Therefore, the inductor voltage vLr1 = −vC1 and inductor current iLr1 decreases.
Before the inductor current iLr1 is negative, switch S13 should
be turned on to achieve ZVS. The secondary-winding current

is1 also decreases linearly in this mode. In converter 2, the
inductor current iLr2 is negative. The inductor current iLr2 flows
through the antiparallel diodes of S21 and S22 to input voltage
sources v1 and v2 . The secondary side of transformer T2 is still
in the commutation mode. The diode current iD22 increases,
and iD21 decreases. Thus, the inductor voltage vLr2 = vin > 0
so that the inductor current iLr2 increases linearly in this mode.
Before the inductor current iLr2 is positive, the switches S21
and S22 should be turned on to achieve ZVS. This mode ends at
time t7 when the diode currents iD12 and iD21 decrease to zero.
8) Mode 8 [t7 , t8 ]: At time t7 , the commutation interval at
the secondary sides of transformers T1 and T2 is terminated.
Switch S13 and diode D11 are in the ON state in converter 1,
and S21 , S22 , and D22 are in the ON state in converter 2. For
converter 1, the power stored in the clamp capacitor C1 and
inductor Lr1 is released to the output through switch S13 , transformer T1, diode D11 , and inductor L12 . The voltage across
inductors Lr1 and Lm1 equals −vC1 . The primary current iLr1
decreases. The secondary-winding voltage vs1 is negative. The
inductor current iL11 flows through diode D11 , inductor L11 ,
and output capacitor Co . The inductor current iL12 flows
through diode D11 , the secondary-winding, inductor L12 , and
output capacitor Co . The voltages across inductors L11 and
L12 are negative and positive, respectively. Thus, the inductor
current iL11 decreases linearly while iL12 increases linearly.
The ripple currents of output inductors L11 and L12 partially
cancel each other. For converter 2, the power is transferred from
the input voltage source vin to output load through S21 , Lr2 , T2,
S22 , L21 , Co , and D22 . The transformer primary-side voltage
is vin so that the primary current iLr2 increases. The output
inductor current iL21 increases, and the inductor current iL22
decreases. This mode ends at time t8 when switch S22 is
turned off.
9) Mode 9 [t8 , t9 ]: At time t8 , switch S22 is turned off. The
inductor current iLr2 charges capacitor Cr22 from 0 V to v2 .
Since the capacitance of Cr22 is much smaller, the capacitor
voltage vCr22 increases linearly. At time t9 , the capacitor voltage vCr22 equals to v2 , and diode D2 is on to conduct inductor
current iLr2 . In this mode, the operating condition of converter 1
is the same as that in mode 8.
10) Mode 10 [t9 , t10 ]: At time t9 , the capacitor voltage
vCr22 = v2 , and the diode D2 is on. The primary voltage of
transformer T2 equals to v1 . The dc power is transferred from
the input voltage source v1 to output load through S21 , Lr2 ,
T2, L21 , Co , and D22 . The transformer secondary voltage vs2 ≈
v1 /n > vo so that the inductor current iL21 increases linearly.
The diode D22 is in the ON state so that the inductor voltage
vL22 = −vo and the inductor current iL22 decreases. In this
mode, the operating condition of converter 1 is the same as that
in mode 8. This mode ends at time t10 when S13 and S21 are
turned off.
11) Mode 11 [t10 , t11 ]: At time t10 , switch S13 and S21 are
turned off. In converter 1, the inductor current iLr1 is negative
so that Cr11 and Cr12 are discharged from the initial value of
(vin + vC1 )/2. The capacitor voltages vCr11 and vCr12 decrease
linearly. In converter 2, the inductor current iLr2 charges capacitor Cr21 . Since the capacitance of Cr21 is much smaller, the
capacitor voltage vCr21 increases linearly from zero voltage.
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At time t11 , Cr11 and Cr12 are discharged to vin /2. Thus, the
primary and secondary voltages of transformer T1 are zero.
The diodes D11 and D12 are both on to commutate the output
current i1 .
12) Mode 12 [t11 , t12 ]: At time t11 , the capacitor voltages
vCr11 = vCr12 = vin /2, and the magnetizing inductor voltage
vLm12 = 0. The diodes D11 and D12 are in the ON state.
The converter output current i1 begins to commutate from
D11 to D12 . The diode current iD12 increases, and the diode
current iD11 decreases. The energy stored in the output inductors L11 and L12 starts to discharge, since the output inductor
voltages vL11 = vL12 = −vo . The inductor currents iL11 and
iL12 both decrease. The inductor current iLr1 and capacitor
voltages vCr11 and vCr12 can be rewritten as
iLr1 (t) ≈ iLr1 (t11 )



2iLr1 (t11 )
(t − t11 ) /2. (5)
vCr11 (t) = vCr12 (t) ≈ vin +
Cr
This mode ends at time t12 when the capacitor Cr21 is charged
to v1 or vin /2. Then, the diode D21 begins to conduct.
13) Mode 13 [t12 , t13 ]: At time t12 , the voltage vCr21
equals v1 , and the primary- and secondary-side voltages of
transformer T2 are zero. The diodes D21 and D22 are all in
the ON state. The diode current iD21 increases, and the diode
current iD22 decreases. Since vL21 = vL22 = −vo , the inductor
currents iL21 and iL22 decrease. The inductor current iLr2 and
capacitor voltage vCr21 can be expressed as
iLr2 (t) ≈ iLr2 (t12 )
vCr21 (t)(t) ≈

iLr2 (t12 )
vin
+
(t − t12 ).
2
Cr
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IV. C HARACTERISTICS AND D ESIGN C ONSIDERATION
The transition intervals in modes 2, 4–7, 9, and 11–14 are
much shorter than the duty cycle d of switches S11 and S22 .
Therefore, only modes 1, 3, 8, and 10 are considered in the
following analysis, and the voltages on the capacitors Cc , C1,
and C2 are considered as the constant values. In mode 1,
switches S11 , S12 , and S23 are turned on. The primary voltages (including the resonant inductor) of T1 and T2 are vin
and −vC2 , respectively. The output inductor voltages vL11 ≈
vin /n − vo , vL22 ≈ vC2 /n − vo , and vL12 = vL21 = −vo . The
duty cycle of switch S11 in mode 1 is d. In mode 3, switch
S11 is turned off, and switches S12 and S23 are still in the
ON state. The primary voltages of T1 and T2 are vin /2
and −vC2 , respectively. The output inductor voltages vL11 ≈
vin /(2n) − vo , vL22 ≈ vC2 /n − vo and vL12 = vL21 = −vo .
The duty cycle of switch S12 in modes 1 and 2 is 0.5. The duty
cycle of switch S23 in modes 1 and 3 is 0.5. In mode 8, switches
S21 , S22 , and S13 are in the ON state. The primary voltages
of T1 and T2 are −vC1 and −vin , respectively. The output
inductor voltages vL12 ≈ vC1 /n − vo , vL21 ≈ vin /n − vo , and
vL11 = vL22 = −vo . The duty cycle of switch S22 in mode 8
is d. In mode 10, switch S22 is turned off, and switches
S21 and S13 are still in the ON state. The primary voltages
of T1 and T2 are −vC1 and vin /2, respectively. The output
inductor voltages vL12 ≈ vC1 /n − vo , vL21 ≈ vin /(2n) − vo ,
and vL11 = vL22 = −vo . The duty cycle of switches S21 and
S13 in modes 8 and 10 is 0.5.
Based on the voltage–second balance across primary side of
T1 and T2, we can obtain the clamp voltages vC1 and vC2 .
vC1 = vC2 = (d + 0.5)vin

(7)

(6)

This mode ends at time t13 when the capacitors Cr11 and
Cr12 are discharged to zero, and capacitor Cr21 is charged to
v1 + vC2 .
14) Mode 14 [t13 , T + t0 ]: At time t13 , the capacitor voltages vCr11 and vCr12 equal to zero, and the capacitor Cr21 is
charged to v1 + vC2 . Then, the antiparallel diodes of S11 , S12 ,
and S23 are on to conduct current. In converter 1, the inductor
current iLr1 is negative. The inductor current iLr1 flows through
the antiparallel diodes of S11 and S12 to input voltage sources
v1 and v2 . The secondary side of transformer T1 is still in the
commutation mode. The diode current iD12 increases, and iD11
decreases. Since the inductor voltage vLr1 = vin > 0 so that the
inductor current iLr1 increases linearly in this mode. Before
the inductor current iLr1 is positive, the switches S11 and S12
should be turned on to achieve ZVS. In converter 2, the secondary side of the transformer is still in the commutation mode.
The diode current iD21 increases, and iD22 decreases. Since
the inductor voltage vLr2 = −vC2 so that the inductor current
iLr2 decreases. Before the inductor current iLr2 is negative,
switch S23 should be turned on to achieve ZVS. The secondarywinding current is2 also decreases linearly in this mode. This
mode ends at time T + t0 when the diode currents iD11
and iD22 decrease to zero. Then, the switching period of the
proposed converter is completed.

where d is the duty cycle of switches S11 and S22 . Since
dmin = 0 and dmax = 0.5, we can obtain the minimum and
maximum clamp voltages vC1,min = vC2,min = 0.5 vin and
vC1,max = vC2,max = vin , respectively. When duty cycle d <
0.5, the clamp voltage vC1 = vC2 < vin . When duty cycle
d > 0.5, the clamp voltage vC1 = vC2 > vin . Due to the
voltage–second balance for the output inductors L11 ∼ L22 , the
output voltage can be given as
vo = (d + 0.5)vin /(2n).

(8)

If we assumed that the dmax is the maximum duty cycle of
switches S11 and S22 , the winding-turn ratio n of transformers
T1 and T2 is expressed as
n = (dmax + 0.5)vin,min /(2vo )

(9)

where vin,min is the minimum input voltage. The primarywinding turn np of transformers T1 and T2 is given as
np = vin,min dmax T /(Ae ∆B)

(10)

where ∆B is the working flux density, Ae is the effective crosssectional area of the selected transformer core, and T is the
switching period. If the transformer turn ratio and the primary
winding turns are given, the secondary winding turn ns is given
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as ns = np /n. When switch S13 or S23 is turned on, the ripple
currents on the magnetizing inductor of T1 and T2 are given as
∆iLm1 =

vC1 T
2Lm1

∆iLm2 =

vC2 T
2Lm2

(11)

where T is the switching period. From (7) and (11), the ripple
current of the magnetizing inductor can be further expressed as
∆iLm1 =

(d + 0.5)vin T
2Lm1

∆iLm2 =

(d + 0.5)vin T
.
2Lm2

(d + 0.5)vin T
2∆iLm1

Lm2 =

(d + 0.5)vin T
.
2∆iLm2

L21

vo T
2∆iL11

vo T
≈
2∆iL21

L12 ≈

(13)

L22

vo T
2∆iL12

vo T
≈
.
2∆iL22

iL11, rms ≈

iL12, rms ≈

iL21, rms ≈

iL22, rms ≈

io (d + 0.5) ∆iLm1 + ∆iL11 /n
+
2n
2
≈ iLm2, max + iL21, max /n
=

=

io (d + 0.5) ∆iLm2 + ∆iL21 /n
+
.
2n
2
(20)

The current stresses of switches S13 and S23 are equal to
is11, stress and is21, stress , respectively. To ensure the ZVS operation for switches S11 −S23 , the energy stored in inductors Lr1
and Lr2 must be greater than the energy stored in the capacitor
Cr11 and Cr12 and Cr21 and Cr22 , respectively. The ZVS
condition for S11 and S12 is
2
/ 2i2Lr1 (t10 )
Lr1 ≥ Cr vin

(14)

The average current stresses on the output inductors
are iL11,av = iL12,av = iL21,av = iL22,av = io,max /4. The rms
currents on the output inductors are


iS11, max ≈ iS12, max ≈ iLm1, max + iL11, max /n

iS21, max ≈ iS22, max

If the allowed ripple currents on the output inductors L11 −L22
are given, the required output inductances can be determined as
L11 ≈

The maximum currents of switches S11 , S12 , S21 , and S22 are
approximately expressed as

(12)

If the ripple currents ∆iLm1 and ∆iLm2 are given, then the
magnetizing inductors are obtained as
Lm1 =

The voltage stresses of switch S12 , S13 , S21 , and S23 are
determined as
vS12, stress = vS13, stress = vS21, stress = vS23, stress = (d + 1)vin .
(19)

(21)

where Cr = Cr11 = Cr12 = Cr21 = Cr22 . The ZVS condition
for S13 is given as
2
2
/i2Lr1 (t3 ) ≈ Cr (d + 1)2 vin
/i2S12,max .
Lr1 ≥ Cr (d + 1)2 vin
(22)

Similarly, the ZVS condition for S21 and S22 is
i2o, max
(∆iL11 )2
+
16
12

2
/ 2i2Lr2 (t3 ) .
Lr2 ≥ Cr vin

The ZVS condition for S23 is given as

i2o, max
(∆iL12 )2
+
16
12
i2o, max
16

+

(∆iL21
12

2
2
/i2Lr2 (t10 ) ≈ Cr (d + 1)2 vin
/i2S21,max .
Lr2 ≥ Cr (d + 1)2 vin
(24)

)2

i2o, max
(∆iL22 )2
+
.
16
12

(15)

The average currents and rms currents of the rectifier diodes
D11 −D12 are expressed as
iD11, av = iD12, av = iD21, av = iD22, av = io /4,
iD11, rms = iD12, rms = iD21, rms = iD22, rms

√
= io /(2 2).
(16)

The voltage stresses of rectifier diodes are given as

C1 >

T2
.
4π 2 Lm1

(25)

The larger capacitance of clamp capacitor will reduce the
voltage variation in modes 8 and 10 so that the clamp-capacitor
voltage vC1 is almost constant in the switching cycle. The
average current of is13 in modes 8 and 10 must be zero to
ensure that the clamp-capacitor voltage is operated in the steady
state. Similarly, one can obtain the clamp capacitance C2 .
T2
.
4π 2 Lm2

(26)

(17)

The voltage stresses of switches S11 and S22 are expressed as
vS11, stress = vS22, stress = vin /2.

In the design of clamp capacitance C1 , half of resonant period
in modes 8 and 10 should be larger than the turn-off time
of switches S11 and S12 . The clamp capacitance C1 can be
given as

C2 >

VD11, stress = vD21, stress = vin /n
VD12, stress = vD22, stress = (d + 0.5)vin /n.

(23)

(18)

V. E XPERIMENTAL R ESULTS
The performance of the proposed converter was verified
by the experiments based on a laboratory prototype. The key
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TABLE I
KEY CIRCUIT PARAMETERS OF THE PROTOTYPE CIRCUIT

Fig. 5. Measured waveforms of gate and drain voltages of switches in
converter 1 at rated output power.

Fig. 6. Measured waveforms of gate and drain voltages of switches in
converter 2 at rated output power.

Fig. 4.

Measured gate voltages of switches S11 −S23 at rated output power.

circuit parameters are given in Table I. Fig. 4 shows the
measured PWM waveforms of switches S11 −S23 at the rated
output power. In converter 1, the PWM signals of S12 and S13
are complementary with each other with a duty cycle of 0.5.
The gate voltage of switch S11 is PWM controlled to regulate
the output voltage. In converter 2, the gate voltages of S21 and
S23 are complementary, and the gate voltage of S22 is PWM
controlled to regulate the output voltage. The gate voltages of
S11 and S22 are phase-shifted to reduce the ripple current on
the output capacitor. Fig. 5 shows the measured gate and drain
voltages of S11 , S12 , and S13 in converter 1 at rated output
power. It is clear that the drain voltages have been decreased
to zero before S11 , S12 , and S13 are turned on. Thus, the ZVS
turn-on is achieved. Fig. 6 shows the gate and drain voltages of
switches S21 , S22 , and S23 in converter 2 for rated output power.

It is also clear that the drain voltages of S21 , S22 , and S23 have
decreased to zero before switches S21 , S22 , and S23 are turned
on. The ZVS turn-on of S21 , S22 , and S23 is achieved.
Fig. 7 shows the measured primary voltage of transformer
T1 vT1, p , primary inductor current iLr1 , switch current is11 ,
diode current iD1 , and switch current −is13 at rated output
power. When S11 and S12 are in the ON state, the primary
voltage of transformer T1 is vin . The inductor current iLr1
increases. The switch current is11 = iLr1 , and the diode current
iD1 and the switch current is13 are zero. When only switch S12
is in the ON state, the primary voltage of transformer T1 is
v2 . The inductor current iLr1 increases. The switch current is11
is zero; the diode current iD1 equals to iLr1 ; and the switch
current is13 is zero. When only switch S13 is in the ON state,
the primary voltage of transformer T1 equals to −vC1 . The
inductor current iLr1 decreases. The switch current is11 and
the diode current iD1 are zero, and the switch current is13
equals to −iLr1 . Fig. 8 shows the measured waveforms of
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Fig. 7. Measured waveforms of primary-side voltage of transformer T1
vT1, p , primary inductor current iLr1 , switch current is11 , diode current iD1 ,
and switch current −is13 at rated output power.

Fig. 8. Measured waveforms of vT2, p , iLr2 , is22 , iD2 , and is23 of converter
2 at rated output power.

vT2, p , iLr2 , is22 , iD2 , and is23 in converter 2 for rated output
power. The measured waveforms are similar to the measured
waveforms in Fig. 7 with phase-shifted 180◦ . Fig. 9 shows
the measured waveforms of the secondary-winding current is1 ,
diode currents iD11 and iD12 , and output inductor currents iL11
and iL12 of converter 1 at rated output power. When S12 is in
the ON state, the primary side voltage of T1 is positive. The
secondary-winding current is1 is positive. The rectifier diode
D11 is in the OFF-state, and diode D12 is in the ON state.
The inductor current iL11 increases, and inductor current iL12
decreases. On the other hand, the secondary-winding current
is1 is negative when switch S13 is turned on. The rectifier diode
D11 is in the ON state, and diode D12 is in the OFF-state.
The inductor current iL11 decreases, and inductor current iL12
increases. Fig. 10 shows the measured waveforms of is2 , iD21 ,
iD22 , iL21 , and iL22 of converter 2 at rated output power. The
measured waveforms are similar to the measured waveforms
in Fig. 9 with phase-shifted 180◦ . From measured results in
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Fig. 9. Measured waveforms of secondary-winding current is1 , diode currents
iD11 and iD12 , and output inductor currents iL11 and iL12 of converter 1 at
rated output power.

Fig. 10. Measured waveforms of is2 , iD21 , iD22 , iL21 , and iL22 of converter
2 at rated output power.
TABLE II
MEASURED AVERAGE CURRENTS OF CONVERTERS 1 AND 2 AT
DIFFERENT LOAD CONDITIONS

Figs. 5–10, it is clear that the measured current waveforms
in converters 1 and 2 are almost balanced and symmetrical
with each other. From theoretical analysis in (15), we can also
see that the i1 = iL11, rms + iL12, rms = iL21, rms + iL22, rms =
i2 so that the output currents of two converter cells are almost
equal. Table II shows the measured average output currents of
converters 1 and 2 at different load conditions. From measured
results in Table II, the output currents of two converters are
almost balanced. Table III shows the measured efficiency of the
proposed converter at different output loads.
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TABLE III
MEASURED EFFICIENCIES OF THE PROPOSED CONVERTER
AT D IFFERENT O UTPUT L OADS

VI. C ONCLUSION
This paper has presented an interleaved ZVS converter with
ripple-current cancellation. The system analysis and circuitdesign consideration were discussed in detail. The proposed
converter has the following features: ZVS turn-on of all
switches, magnetizing flux reset by active snubber circuit, and
ripple-current cancellation on the output capacitor based on
the current-doubler rectifier. The interleaved PWM scheme can
reduce the ripple current at the output load and achieve load
current sharing. Since the switches are all turned on at ZVS,
the circuit efficiency can be effectively improved. Since two
converter cells have the same circuit configuration, the load
current is shared by two converter cells. In each converter cell,
the current sharing in a standard current doubler is through the
parasitic resistance of the secondary winding. Small difference
in the winding resistances of the current-doubler inductor can
give rise to mismatch in the output inductor currents. However,
the duty cycle of switches S13 and S23 are equal to 0.5 for any
load conditions. Thus, the inductor currents in each currentdoubler rectifier are almost balanced at the different load conditions. Finally, the performance of the proposed converter is
verified from the experiments based on a 600-W laboratory prototype. The experimental waveforms agree with those predicted
theoretically.
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