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Soft-Switching Dual-Flyback DC-DC
Converter with Improved Efficiency and
Reduced Output Ripple Current
Jae-Won Yang and Hyun-Lark Do

Abstract—This paper presents a soft-switching dualflyback DC-DC converter with improved efficiency and
reduced output ripple current. Zero-voltage-switching (ZVS)
technique and a dual-flyback module for reducing the
number of snubber current paths are adopted to improve
efficiency. For ZVS technique, a self-driven synchronous
rectifier (SR) is used instead of an output diode. By turning
the self-driven SR off after a short delay, a main switch is
turned on under the ZVS condition. For reducing the
number of snubber current paths, a dual- flyback module
and a snubber diode are used. When the main switch is
turned off, leakage inductance energy is absorbed by a
snubber diode into an input source and a primary DC-bus
capacitor. Then, this energy is reprocessed by the dualflyback DC-DC module to secondary side. Hence, there is
only one snubber current path. In addition, the proposed
converter features a reduced output ripple current because
of the continuous current. Consequently, the proposed
converter can achieve high efficiency and reduced output
ripple current. To verify the performance of the proposed
converter, operating principles, steady-state analyses, and
experimental results from a 340 to 24-V, 100-W prototype
are presented.
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Fig. 1. Conventional flyback DC-DC converter : (a) with a RCD
snubber, (b) with a LCD snubber.
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Fig. 2. Proposed converter with self-driven synchronous rectifier.

I.

INTRODUCTION

F

OR the advantages of galvanic isolation, design simplicity,
and a simple control technique, a flyback converter is the
most popular topology for DC-DC and AC-DC converters
[1]-[7]. However, there are some drawbacks such as voltage
spike ringing on a switch at turn-off state (because of the
resonance between the transformer leakage inductance and the
parasitic output capacitance of the switch) and hard switching
loss at turn-on state. Eventually, the switch voltage stress
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becomes as high as the sum of the input voltage, the reflected
output voltage, and the voltage spike on the switch. To
overcome these problems, two-switch pulse-width modulated
(PWM) flyback converters are introduced [4]-[5]. By using two
clamping diodes, switch voltage is clamped to input voltage
and leakage inductance energy is recycled to input source. In
addition, to achieve ZVS turn-on of the switch, an additional
lossless snubber circuit is adopted. Another solution for
recycling the leakage inductance energy is using an active
snubber circuit [6]-[7]. In [6], a half-bridge flyback converter is
presented for satisfying both switch voltage clamping and ZVS
operation. In [7], an adaptive snubber circuit is introduced to
extend the parasitic output capacitance of the switch, and the
converter is operated in the critical conduction mode (CRM) for
near-ZVS operation. The operation in CRM minimizes the
turn-on switching loss of the switch because the MOSFET
turn-on occurs exactly in the valley of the drain-source voltage
oscillation between a transformer inductor and a parasitic

0278-0046 (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/TIE.2017.2652404, IEEE
Transactions on Industrial Electronics
IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

isn
ip1 N1p

iLm1
Lm1

+
vp1
-

Dsn

TS
N1s i (=i )
s1
out

+
vDsn
-

Ton
TZVS_Sm
Tdead-time

T1 (N1p:N1s=n:1)
iin
Lk1
iLk1

+
Vin
-

+
vLk1
-

C1

C2
iC1

+ Vdc1 -

iLk2
Lk2

iSm

Sm

iLm2
ip2
+
vSm L
m2
vp2
+
DSm CSm
N2p

vLk2
+

Toff
TZVS_Sr

Co

is2 (=iC2)
- Vdc2 +

+
Vo
-

∆tcd

vgs_Sm

ON

OFF

vgs_Sr

OFF

ON

2Vin
Vin+nVo

vSm

Lm1Vin
Vo+ n(L +L )
m1
k1

iSr

Sr

N2s

+
vSr
-

vSr
2Vin
Lm1+Lk1

DSr CSr

iSm

T2 (N2p:N2s=n:1)

Fig. 3. Equivalent circuit of the proposed converter.

output capacitor of the switch [8]-[10]. Nevertheless, there is a
small switching loss in the switch since it is not a full-ZVS
operation. Therefore, various soft-switching techniques are
introduced for high efficiency [11]-[18]. In addition, a
synchronous rectifier (SR) is also introduced instead of a diode
for reducing the conduction loss [19]-[23]. Normally, there are
three different kinds of SR driving strategies—voltage-driving
strategy, current-driving strategy [19]-[20], and MOSFET
drain-source voltage detection [21]-[23]. By replacing a diode
with a SR, efficiency is improved because turn-on voltage drop
across the SR is much lower than diode forward voltage drop.
Fig. 1(a) shows the conventional flyback DC-DC converter
with a RCD (resistor-capacitor-diode) snubber. The leakage
inductance energy is absorbed by the snubber capacitor and
dissipated in the snubber resistor. Fig. 1(b) shows the flyback
DC-DC converter with a LCD (inductor-capacitor-diode)
snubber. The leakage inductance energy is absorbed by the
snubber capacitor and the energy stored in the snubber
capacitor is transferred to an auxiliary inductor. This energy is
then restored in an input source. Since there are 3 conduction
paths (the snubber capacitor, auxiliary inductor, and input
source), the reprocessed energy is reduced owing to the
conduction loss in a LCD snubber. However, for the proposed
converter shown in Fig. 2, the leakage inductance energy is
directly stored in an input source and a DC-bus capacitor. Then,
this energy is reprocessed by a dual-flyback DC-DC module.
Since there is only 1 conduction path, the conduction loss in the
reprocessed leakage inductance energy is minimized. When
transferring the input power on primary side to secondary side,
the input power energy is equally divided between two coupled
inductors and transferred to the load because both the coupled
inductors are designed to be equal. Hence, the RMS loss in each
coupled inductor is reduced. In addition, by turning the
self-driven SR off after a short delay, a main switch is turned on
under the ZVS condition as a result of the differential current
via the two coupled inductors. The output ripple current is also
lower than that of the conventional flyback DC-DC converter,
because of the continuous current in the secondary side. The
theoretical analysis and an experimental prototype of the
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Fig. 4. Theoretical waveforms of the proposed converter.

proposed converter are presented to verify the ZVS operation,
efficiency improvement, and reduced output ripple current.
II.

ANALYSIS OF THE PROPOSED CONVERTER

Fig. 3 shows the equivalent circuit of the proposed converter.
There are three switching devices—a main switch Sm, a
synchronous rectifier Sr, and a snubber diode Dsn. DSm and DSr
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Fig. 5. Operating stages of the proposed converter.

are the intrinsic body diodes of Sm and Sr, respectively. CSm and
CSr denote the parasitic output capacitances of Sm and Sr,
respectively. C1 and C2 are the DC-bus capacitors on the
primary side and secondary side, respectively. Since input
power should be equally divided into two coupled inductors
and transferred to load, the coupled inductors should be
identical, i.e., T1=T2. Each coupled inductor is modeled as a
magnetizing inductor Lm1 (=Lm2), a leakage inductor Lk1 (=Lk2),
and an ideal transformer with a turn ratio of n:1 (n=N1p/N1s=
N2p/N2s). Because the average inductor voltage should be zero
at a steady-state, according to the inductor volt-second balance
law, Vdc1 is equal to Vin and Vdc2 is equal to Vo. To analyze the
proposed converter at a steady-state, several assumptions are
made for a switching period of TS. All switching devices are
ideal components except for CSm and CSr. The capacitances of
C1, C2, and Co are large enough to consider the voltages Vdc1,
Vdc2, and Vo as constants. The theoretical waveforms over a
switching period are shown in Fig. 4. The operating stages are
divided into six stages as shown in Fig. 5.
Before t0, Sr is turned on and its current direction is changed
from negative to positive. When the switch current is positive,
the absolute value of is2 is larger than that of is1. This differential
current discharges CSm and charges CSr at stage 1. On the
primary side, there is a continuous current Ipri for Vdc1 to
become equal to Vin because Vdc1 is slightly lower than Vin. On
the secondary side also, there is a continuous current Isec for Vdc2
to become equal to Vo because Vdc2 is slightly higher than Vo.
Stage 1 [t0, t1]: When Sr is turned off, CSm starts discharging
and CSr begins charging. Since CSm and CSr are very small, the
transition time is very short. Hence, iLm1 and iLm2 are regarded as
constant values— ILm1(min) and -ILm2(min), respectively.
Stage 2 [t1, t2]: At t1, CSm is fully discharged and DSm starts
conducting because the absolute value of iLk2 is larger than that

of iLk1. After a short delay called a dead-time, the gate signal is
applied to Sm under the ZVS condition. Therefore, there is no
switching loss on Sm. At this stage, the slopes of iLm1, iLk1, iLm2,
and iLk2 are all equal to Vin/(Lm1+Lk1).
Vin
(1)
iLm1 (t )  I Lm1(min) 
(t  t1 ) ,
Lm1  Lk1

Vin
(2)
(t  t1 ) .
Lm1  Lk1
At the secondary side, Isec flows through two secondary
windings of the coupled inductors. The currents is1 and is2 are
constants (Isec and -Isec, respectively).
iLm 2 (t )   I Lm 2(min) 

Stage 3 [t2, t3]: When the main switch current iSm becomes
positive, this stage begins. Similar to stage 2, the slopes of iLm1,
iLk1, iLm2, and iLk2 are all equal to Vin/(Lm1+Lk1). At t2, iLk1(t2) and
iLk2(t2) are equal to Ipri and -Ipri, respectively.
Vin
(3)
iLk 1 (t )  I pri 
( t  t2 ) ,
Lm1  Lk 1

Vin
(4)
( t  t2 ) .
Lm1  Lk 1
iLm1 and iLm2 increase linearly from Ipri+Isec/n and -(Ipri+Isec/n).
I
Vin
(5)
iLm1 (t )  I pri  sec 
( t  t2 ) ,
n Lm1  Lk1
I
Vin
(6)
iLm 2 (t )   I pri  sec 
( t  t2 ) .
n Lm1  Lk 1
At the middle of this stage, iLk2 changes its direction from
negative to positive since the absolute value of iLm2 is smaller
than ip2 (=-is2/n=Isec/n).
iLk 2 (t )   I pri 

Stage 4 [t3, t4]: At t3, Sm is turned off. CSm starts charging and
CDsn and CSr begin to discharge. At this stage, the capacitor CDsn
(which is the parasitic capacitor of the snubber diode Dsn) is
considered because the leakage current flows through Dsn.
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However, since CSm, CDsn, and CSr are very small, the transition
time is very short. Hence, iLm1 and iLm2 can be regarded as
constant values— ILm1(max) and -ILm2(max), respectively.
Stage 5 [t4, t5]: When vSm reaches 2Vin, Dsn and DSr start
conducting. The leakage inductance energy of Lk1 is stored into
C1. For Lk2, the leakage inductance energy is stored into the
input source. This time interval is closely related to the voltage
vLk1 (=vLk2). iLk1 and iLk2 are expressed as given below:
1
(7)
iLk 1 (t )  I Lk 1(max) 
Vin  nVo  (t  t4 ) ,
Lk 1

iLk 2 (t )  I Lk 2(max) 

1
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Fig. 6. Self-driven synchronous rectifier driver.
TS

(8)

Stage 6 [t5, t6]: When iDsn is zero and Dsn is turned off, this
stage begins. On the primary side, only Ipri flows through Lk1,
C1, and Lk2. After a short delay called a dead-time, the gate
signal is applied to Sr under the ZVS condition. The current iSr
increases linearly with a slope of 2n2Vo/Lm1. At the end of this
stage, iSr changes its direction from negative to positive. By
turning the SR off after a short delay, the absolute value of is2
becomes larger than that of is1. This differential current is
essential for the ZVS operation of Sm.
III.
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ANALYSIS OF THE SELF-DRIVEN SR CIRCUIT

The self-driven SR driver used in this paper is referenced
from [22]. Fig. 6 shows the self-driven SR driver. Cceo is the
parasitic output capacitor of Qa. In order to detect the polarity
of the SR voltage vSr, Da is employed. To obtain high and low
signals according to the polarity of vSr, a NPN transistor Qa and
two resistors, Rb and Rc, are used. Rb limits the base current iRb
of Qa. Rc is inserted to limit the collector current iRc, and to
generate high-level signal for the MOSFET driver with a
dead-time. For the proper ZVS operation of Sr, the dead-time
should be considered and it is related to the time constant of the
RC circuit, Vcc, Rc, and Cceo. To compensate for the difference
between the forward voltage drop VF(Da) and the base-emitter
saturation voltage Vbe(sat), Ra is added. Several assumptions are
made in the analysis at a steady state. Da is an ideal component,
except for the forward voltage drop VF(Da). Qa acts as a switch,
and not as a signal amplifier. The base-emitter input capacitor is
not considered. The SR is an ideal component, except for the
drain-source on-resistance RDS(on) and the forward voltage drop
VF(Dsr). The theoretical waveforms and operating stages of the
self-driven SR driver are shown in Figs. 7 and 8.
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Fig. 7. Theoretical waveforms of the proposed SR driver.

Before t0, Sr is turned on and Da conducts. The base-emitter
voltage vbe is lower than its saturation voltage vbe(sat).
Stage A [t0, ta]: When vbe reaches vbe(sat), Qa becomes
saturated and this stage begins. The collector-emitter voltage vce
is clamped to its saturation voltage vce(sat), and Sr is turned off.

Fig. 8. Operating stages of the proposed SR driver.
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Fig. 9. Experimental prototype circuit of the proposed converter.

Stage B [ta, tb]: At ta, Sm is turned off. DSr and Da start
conducting. vSr and vDa are clamped to the forward voltage
drops, -VF(Dsr) and -VF(Da), respectively. Since vSr and vDa are
constant, vbe and vRa are also constant as given below:
(9)
vbe(min)  VF ( Da )  VRa (max)  VF ( Dsr ) ,

VRa (max) 

Ra (Vcc  Vbe (min) ) .

(10)

Rb

Because vbe is lower than Vbe(sat), Qa enters a breakdown
region. vce increases nonlinearly with the time constant of a RC
circuit as follows:
t


(11)
vce (t )  Vcc  1  e RcCceo  .




Stage C [tb, tc]: When vce is higher than VIH, which is the logic
1 input voltage of the MOSFET driver, the gate signal vgs_Sr is
applied to Sr. In this stage, Sr is expressed as a parallel circuit of
RDS(on) and DSr. The voltage vbe is expressed as given below:
(12)
vbe (t )  VF ( Da )  RaiRb (t )  RDS (on )iSr (t ) ,

iRb (t ) 

Vcc  vbe (t ) ,
Rb

iSr (t )   I Sr (min) 

2n 2Vo
(t  tb ) .
Lm1

(13)
(14)

Stage D [tc, td]: At tc, iSr changes its direction from negative
to positive. Since vbe is still lower than Vbe(sat), Sr is turned on.
2n 2Vo
(15)
vbe (t )  VF ( Da )  RaiRb (t )  RDS ( on )
( t  tc ) .
Lm1
To compensate for the difference between VF(Da) and Vbe(sat),
Ra is added in series with Da. By adjusting Ra, the turn-on time
of Sr can be easily controlled. At the end of this stage, vbe
reaches vbe(sat), and then Sr is turned off. vbe(sat) is obtained by
2n 2Vo
(16)
vbe ( sat )  VF ( Da )  RaiRb (td )  RDS (on )
tcd ,
Lm1
V v
(17)
iRb (td )  cc be ( sat ) ,
Rb

where, tcd is the time interval between tc and td.
From (16) and (17), tcd can be expressed as
 R  Rb

R
L
. (18)
tcd   a
Vbe ( sat )  VF ( Da )  a Vcc   2 m1
R
R
2
n
V
R
b
b
o
DS
(
on
)


Hence, it is possible to control the time interval tcd (related
to the ZVS operation of Sm) by adjusting the resistance of Ra.
IV.

ZVS CONDITION OF THE MAIN SWITCH

In order to achieve ZVS operations for Sm and Sr, the gate
signal should be applied to each switch before the current
flowing through the intrinsic body diode becomes zero. The
following equations are satisfactory conditions for the ZVS
operations of Sm and Sr as shown in Fig. 4.
(19)
Tdead time  TZVS _ Sm ,

Tdead time  TZVS _ Sr ,

(20)

where, Tdead-time is the dead-time of both Sm and Sr for proper
ZVS operation. TZVS_Sm and TZVS_Sr are the time intervals when
each switch is reverse-biased and the current flows through its
intrinsic body diode.
Since TZVS_Sr is sufficiently longer than Tdead-time, the ZVS
operation of Sr is always satisfactory. When considering
Tdead-time and TZVS_Sm, the time interval between t0 and t1 can be
omitted because this time interval is very short. From iLm1 in Fig.
4, the following equation is obtained.
I
Vin
nV
I pri  sec  I Lm1(min) 
TZVS _ Sm  o tcd . (21)
n
Lm1  Lk1
Lm1
From (19) and (21), the ZVS condition of Sm can be
rewritten.
nV ( L  L )
(22)
Tdead time  o m1 k1 tcd .
Vin Lm1
V.

DESIGN PROCEDURE

In order to verify the theoretical analysis, the following
design specifications are determined. Vin=340V, Vo=24V,
Po=100W, and minimum switching frequency fSW(min)= 45kHz.
For a simple circuit analysis, the leakage inductances and the
transition times in both stages 1 and 4 are not considered.
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B. Continuous current
By assuming the leakage inductance to be zero, the average
input and output currents in a switching period are given by
V
(25)
I in ( avg )  I pri  in D 2TS ,
2 Lm1

n 2Vo
(26)
(1  D)2 TS .
2 Lm1
Since the snubber current is not considered, the input current
is the sum of the continuous current for charging C1 and the
charging current flowing through Lm1. Because the magnetizing
inductances of both the coupled inductors are designed to be
equal, one half of the input power is transferred to the
secondary side by Lm1 and the other half is transferred by Lm2.
Therefore, Ipri is half of the input current, Ipri=0.5Iin(avg).
Similarly, the output current is the sum of the continuous
current for discharging C2 and the discharging current flowing
through Lm2. Since one half of the output power is transferred
from the primary side by Lm1 and the other half is transferred by
Lm2, Isec is also half of the output current, Isec=0.5Iout(avg).
I out ( avg )  I sec 

Fig. 10. Structure of the coupled inductor.

Fig. 11. Experimental waveforms of vSm, iLk1, is1(=iout) at Po=100W.

C. Design of coupled inductors
The determination of the turn ratio n is important for
transferring the input power to the load. When the main switch
is turned off and the primary voltage of the coupled inductor
nVo is lower than Vin, the magnetizing inductance energy is
transferred to the secondary side. However, if the primary
voltage is higher than the input voltage, the coupled inductor
acts only as an inductor, and not as a transformer. Therefore,
the maximum turn ratio n is determined by
V
(27)
n  in .
Vo
By substituting Ipri=0.5Iin(avg) in (25), Lm1 can be obtained by
V D 2TS .
(28)
Lm1  in
I in ( avg )

(a)

If n=12 is selected, D=0.45 is obtained. By substituting
Vin=340 V, D=0.45, TS=22μsec, and Iin(avg)=0.294A in (28),
Lm1=5.1mH is calculated. Since the leakage inductance is not
considered in the design procedure, the experimental value of
Lm1(=Lm2) would be different. The reason is that some of the
magnetizing inductance energy is not transferred to the
secondary side. This energy is moved to the input source and
the primary DC-bus capacitor by each leakage inductor.
(b)
Fig. 12. ZVS operations of Sm and Sr at 100W: (a) vSm, vgs_Sm, iSm, (b)
vSr, vgs_Sr, iSr.

A. Duty cycle
From iLm1, the following equation is obtained.
V
nV
I Lm1(max)  I Lm1(min)  in Ton  o Toff .
Lm1
Lm1
From (23), the duty cycle D is expressed as:
nVo .
D
Vin  nVo

(23)

D. Determination of switching frequency
The input current can be expressed as an average current of
iSm as follows:
Vin
(29)
I in  iSm ( avg ) 
D 2TS .
Lm1  Lk 1
By substituting TS=1/fsw and VinIin=Pin=Pout in (29), the
switching frequency fsw can be written as below
2

 nVo  .
Vin 2
f sw 


Po ( Lm1  Lk 1 )  Vin  nVo 

(30)

(24)
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shows the measured switching frequency according to the
output power. At the full-load condition, a switching frequency
(fsw) of 42.3kHz has been measured.
VII.

Fig. 13. Measured efficiencies of the proposed and conventional
converters.

CONCLUSION

In this paper, a soft-switching dual-flyback DC-DC
converter was proposed. By replacing the output diode with an
SR, the conduction loss was minimized. The ZVS operation of
the main switch was achieved by turning the self-driven SR off,
after a short delay. In addition, the reprocessed transformer
leakage inductance energy was maximized because there was
only one snubber current path. Moreover, its output ripple
current was reduced owing to the continuous current.
Consequently, the proposed converter satisfied both the high
efficiency and reduced output ripple current conditions.
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