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Abstract—This paper proposed a novel isolated bidi-
rectional two-switch flyback converter with two integrated
non-dissipative inductor-capacitor-diode (LCD) shubbers.
In the proposed topology, the main flyback transformer
and the LCD snubbers are cross-coupled (CC) to minimize
circulating current that would happen in the non-cross-
coupled (NCC) case, in addition to recycle leakage energy
and protect the power transistors. The same current circu-
lation issue also happens to bidirectional flyback converter
with conventional resistor-capacitor-diode (RCD) shubbers.
The main objective of this paper is to illustrate this issue
and propose an alternate circuitry to reduce the current
circulation and improve the conversion efficiency. The ex-
perimental results of a laboratory prototype are reported to
verify the design.

Index Terms—Dbidirectional; coupled inductor; high volt-
age gains; isolated DC-DC converter; hon-dissipative snub-
ber.

[. INTRODUCTION

OWADAYS, the demands for clean and sustainable en-

ergy sources such as photovoltaic (PV), wind energy and
fuel cells have increased rapidly. However, these energies have
issues generally with electric power systems in terms of stabil-
ity, availability and power quality. The energy storage system
(ESS) has been serving an important role to overcome some of
these drawbacks. The development of green energies is moving
towards with integrating the ESS. Thus, bidirectional DC-DC
converters (BDCs) are used to interface the ESS with the DC
bus for effective power flow control, efficient power conversion
and power conditioning [1]—[4]. Bidirectional converters have
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been used in uninterruptible power supplies (UPS) [5]-[8],
battery chargers [8]-[12] and electric vehicles (EV) [13]-
[18]. For renewable energy sources, their terminal voltages are
usually low and of time-varying nature. The high conversion
ratio of DC-DC converters are needed to interface with high
DC voltage and provide continuous power supply. The paper
presented in [19] explains the controller design and demon-
strates the implementation of battery storage as a back-up for
both islanded and grid-connected operations.

Bidirectional converter can be classified into three types
which are the non-isolated, partially-isolated and isolated con-
verters. The non-isolated bidirectional converters are derived
from basic converters such as buck, boost, buck-boost and
single ended primary inductor (SEPIC) converters [6], [13],
[20]-[22]. The most popular topology such as buck-boost
converter offers circuit simplicity and cost-effective structure.
However, it has difficulty in attaining high conversion ratio
even with extreme duty cycle, due to the presence of parasitic
resistance. On the other hand, multilevel converter can be used
to achieve high voltage ratio [23]. However, these topologies in
general have higher switching losses and complexity because
of the large number of power switches. The partially-isolated
converter is formed by combining the basic DC-DC converter
and coupled-inductor [24]. This topology can achieve high
voltage gain at the expense of high voltage stress on switching
devices and lacking overall galvanic isolation.

The isolated converters such as flyback converters, forward-
flyback converters, half-bridge converters and full-bridge con-
verters have been widely adopted for different power levels
[31, [11], [19], [25]-[28]. A popular topology for low power
application is the flyback converter due to its circuit simplicity,
lower component count and cost, and has isolation between
sources and loads [1]-[3], [5], [23], [25]. However, the flyback
converter has large leakage inductance issue that causes a high
voltage spike when the switch is turned off. This large spike
degrades its overall performances of this topology especially
in efficiency [4], [29], [30].

An isolated flyback DC-DC converter has been introduced
in [31] which has a non-dissipative snubber to decrease
the voltage spike during transistor’s turn-off instant. A dual
voltage-doubler circuit on the secondary side is used to
produce a high voltage output. However, this topology is
only suitable for unidirectional operation. In [32] the authors
proposed a zero-current-switching (ZCS) bidirectional flyback
DC-DC converter. It is an extended topology that previously
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Fig. 1: Isolated bidirectional flyback converter.

presented in [25], where the authors replaced diode with the
power switch to perform bidirectional power flow. In addition,
the coupled inductor was implemented in the secondary circuit.
Howeyver, to achieve the ZCS condition, the number of active
switches has increased, and it still suffers from high conduc-
tion losses. Tsorng-Juu et al. [33] introduced a bidirectional
isolated DC-DC converter with a current-doubler to reduce
current ripple. By using synchronous rectifiers, zero-voltage-
switching (ZVS) can be achieved on the low voltage side.
Nevertheless, this topology requires four power switches. In
[34], an isolated bidirectional interleaved converter is derived
from the flyback converter with dual-LCD snubbers attached
to the primary side for energy recycling purposes. However,
this topology requires additional components in the secondary
side with quasi-series circuit to achieve boost mode operation.
The use of four switches to achieve high efficiency however
increases the overall cost.

To reduce the number of active switches as compared
to [32]-[34] and provide bidirectional power flow and gal-
vanic isolation, this paper presents a two-switch flyback con-
verter with cross-coupled LCD snubbers. Fig. 1(c) shows the
schematic of the proposed converter integrated with two non-
dissipative LCD snubbers which are denoted as N, and N, for
the primary and secondary transformer sides, respectively. V
and Vv represent the battery voltage and higher terminal
voltage on the other side respectively; M7 and Mo are the
power switches, D1 — D, are the snubber diodes and Cj,
and Cl,,2 are the snubber capacitors.

Some preliminary results of this topology have been pre-
sented in [35]. This paper further evaluates the effectiveness of
the converter through more in-depth analysis and comparison
with existing topologies. Specifically, a detailed examination
on the current circulation problems with non-cross-coupled
snubbers and with RCD snubbers, which have not been
presented in [35], are now included in this paper in Section
Il. The operating principles of proposed converter for both
in continuous conduction mode (CCM) and discontinuous
conduction mode (DCM) modes are explained in the Section
III. Section IV discusses the steady state analysis of the step-up
modes of operation. Section V discusses the design procedure
of the snubber circuits. Section VI reports the experimental
verification results of the proposed converter and Section VII
concludes the paper.

Il. CURRENT CIRCULATION PROBLEM WITH RCD AND
NON-CR0OSS-COUPLED LCD SNUBBERS

In this section, an investigation is carried out on two
common approaches to adding snubber circuits for isolated
converters (flyback converter is selected in this paper) and to
illustrate the associated circulating current problem.

For cost-sensitive applications, the dissipative snubber has
been adopted widely due to its circuit simplicity and effec-
tiveness in suppressing the voltage spike. Fig. 1(a) shows
the schematic of the flyback converter with an RCD snubber
on each side of the transformer. Fig. 2(a) to (c) show the
equivalent circuits of the converter during one switching cycle.
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Fig. 2: Equivalent circuits of the flyback converter (a) - (c) using RCD snubber circuits during one switching cycle in CCM
operation. The key waveforms (d) of flyback converter using RCD snubber circuits.
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Fig. 3: Equivalent circuits of the flyback converter (a) - (c) using non-cross-coupled LCD snubber circuits during one switching
cycle in CCM operation. The key waveforms (d) of flyback converter using LCD snubber circuits.

Meanwhile, Fig. 2(d) presents some experimental waveforms
of the converter in CCM. When the switch M/ is turned on
and M; is turned off, the battery voltage V3 is applied, and
the current starts to flow through the primary side formed by
Vi, Lixg, L1 and M. The energy is stored in the leakage
inductance, Fr, = %leglz. The snubber diode Dg,1 is
reverse biased. The current 47, is gradually increasing and

circulating in the loop until the switch M; is turned off.
Meanwhile, the voltage across the secondary transformer, Vi,
is sufficiently large to forward bias the snubber diode Dgyo
with V7o =-nVp. The current iy, is decreasing in the direction
defined of iro as shown in Fig. 2(d) and circulating in the
loop on the secondary side. When the switch M; is turned
off and M> is remained off, the primary current iy, flows
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to the RCD snubber and the transformer is reset. The energy
transferred to Cs,,1 will be dissipating in the circuit through the
snubber resistor Rg,1. The peak MOSFET voltage is clamped
to Vg + Vesn1 > Ve + E#t It can be seen that the converter
is now operating effectively as a forward converter with R,,o
being the undesirable ”main load” instead of Ry. Hence there
is little actual power transferring to the designated load Rj,.

For efficiency-sensitive applications, the non-dissipative
snubber such as the LCD snubber is used. In addition to
controlling the turn-off slew rate and clamping the voltage
on the power transistor, this type of snubber can recycle
the energy back to the source. Two LCD snubbers have
been implemented for both sides of the transformer of the
bidirectional flyback converter as shown in Fig. 1(b). The
equivalent circuits are depicted in Figs. 3(a) to (c). Fig. 3(d)
shows the corresponding waveforms of the converter in CCM.
When the switch M is closed, the current starts to flow
through Lji4, Ly and M. The primary current 77, rises. The
energy is stored in the leakage inductance Fr,, . Meanwhile,
the snubber capacitor Cj,,1 transfers its stored energy to L, .
In the meantime, the voltage Vo forces the snubber diode in
Dy to turned on as Vo — Vego > Vp, where Vp is forward
voltage drop of the diode D,. The secondary inductor current
i1 1s decreasing in the direction defined of i7-. A circulation
current loop is formed by Ly, Cyno and Dy. When M is
turned off and M5 is remained off, the snubber diode D starts
to conduct and magnetizing inductor current, 77,5, charges the
snubber capacitor Cg,1. The energy stored in L, is sent
back to the input Vp through D, and D;. The voltage across
the snubber capacitor V,,,1 and Vpg, start to increase. The
Vps, is clamped by Vg + Vs,1. The current 470 is start to
decrease. In this condition, the snubber diode D3 is forward
biased while D, is reverse biased due to the blocking voltage
Via + Vesna. The effect of circulating current will induce extra
losses in the power switches and snubbers itself. Furthermore,
it will cause the additional stress to the power devices as
the high voltage spike occurs across the switch Vpg,. As a
result, it will degrade the efficiency. This is proven in Fig. 10
in Section VI of its poor conversion efficiency. To overcome
this drawback, the proposed converter topology is introduced
as depicted in Fig. 1(c). The cross-coupled LCD snubber is
an improved version of the non-cross-coupled LCD snubber
and will have better efficiency. The current circulation in the
primary path will be minimized by transferring the leakage
energy to the secondary side and directly to the output and
vice versa.

[11. OPERATING PRINCIPLES AND DESIGN ANALYSIS OF
THE PROPOSED CONVERTER

A. Mode of Operation in CCM

In CCM mode of operation, there are six operating intervals
in one complete switching cycle. The proposed topology is
simulated in LTSpice to validate the operation principle. Due
to the identical and symmetrical operation for bidiretional
power flow in this converter, only the power from the left to the
right as shown in Fig. 1(c) is explained as follows. Fig. 4 shows
the key waveforms of the proposed topology with the time

intervals. Fig. 5 shows the equivalent circuit and current loops

for each interval. To simplify the analysis without losing the

key switching waveforms, the leakage inductance is lumped
and modeled as L;;g1 which is in series with Ly and Ljzg
which is in series with Ls.

1) Interval 1 [£g-t1]: During this time interval, the main power
switch M/ is turned on, M5 is turned off, and all diodes are
turned on. The equivalent circuit is shown in Fig. 5(a). The
magnetizing current ¢y, of the main transformer, which is
formed by L; and Lo, starts to flow through the switching
device M;. The rate of change of 41, can be expressed as

dir, . Ve +n,Vav )

dt legl
where n, = Na2/N,1 is turns ratio of the main transformer.
The snubber capacitor Cs,,; and Lg of the secondary trans-
former, form a resonant circuit. The resonant frequency is

defined as ]

VLsCont
At the same time, a small magnetizing current ¢r,,, of
the secondary transformer, which is formed by L3 and
L4, flows in the current loop L4, Cspno and D,. Note that
this current is to reset the secondary transformer instead
of the circulation current in the non-cross-coupled case in
Fig. 3(a). The energy stored in Cl,; is transferred to the
inductor L3 until the current flows through this resonant
circuit reaches zero at t = 7.

2) Interval II [¢;-f2]: During this time interval, the main power
switch M; is turned on and M> is remained off, and
all diodes are in reversed biased as shown in Fig. 5(b).
The resonant operation is ended in this mode. Only the
magnetizing current ¢r,,,, is flowing through the circuit.
The primary inductor current 77, increases linearly. This
converter operates as a conventional type of a flyback
converter. The voltage across the snubber capacitor Vg1
= -Vp. When the main switch M is turned off, this
operational mode ends at t = 5.

3) Interval TIT [{-t3]: During this time interval, the main
power switches My, Ms and diode D, are open, and
diodes D1, D3 and D, are in forward biased, as shown in
Fig. 5(c). The magnetizing inductance current ¢r,,,,, charges
snubber capacitor C',,; and parasitic capacitor Cpg of Mj.
The voltage across the switch Vpgy has raised sharply.
The peak MOSFET voltage is clamped to Vi + Vig1-
The diodes D3 and D, provide a path for energy to be
transferred to the output via main transformer Ngq @ Ngo.
The operational mode ends when the primary inductor
current ¢y, reaches zero. The rate of change of i1, during
this interval can be written as

w =

dir, | Vbpsi+ Vesn n Vbsi + Vav @
dt legl legz .

4) Interval 1V [t3-t4]: During this time interval, the main
power switches My and M5 are remained off, all diodes are
in forward biased, as shown in Fig. 5(d). The oscillation
happen caused by the resonant phenomena between the
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Fig. 4: Key waveforms of the proposed converter operating in CCM.

Likg. Cps and Cjy,q. In the meantime, the inductor current
i1, of the secondary transformer flows back to the input
through D; and D,. Hence, energy stored in the leakage
inductance is fully transferred; Ejq1 = Ecspn1. Thus, the
secondary transformer is reset. D3 and D, conducting the
current to the output.

Interval V [14-t5]: During this time interval, the main power
switches M7 and M, are remained off, diodes D>, Dgy
and D, continue conduction, and diode D; is reversed
biased, as shown in Fig. 5(e). In this interval, the blocking
voltage Vi1 + V4,1 forces the snubber diode D; to be
reverse biased. This mode ends when the inductor current
i, reduces to zero.

Interval VI [t5-fg]: During this time interval, the main
power switches M7 and M, remains in the non-conducting
state, diodes D, and D> are turned off, and diodes Dg
and D, are forward biased, as shown in Fig. 5(f). D3 and
D, are conducting with inductor current 770 of the main
transformer flows to the output and decrease gradually.
The converter operates as a conventional flyback converter.
During this interval, 47, decreases with a slope of

diro _ [ Vv } . 3)

dt legQ + L'm2

This mode ends when the main switch A/, is turned on
again at t = tg.

B. Mode of Operation in DCM

Compare to CCM, in DCM mode the magnetizing inductor
has no energy at the beginning and at the end of the switching
period. Fig. 6 shows the key waveforms of the proposed
topology with the time intervals. For this operational circuit in
DCM mode, there are six operating intervals in one complete
switching cycle. The modes of operation are slightly similar
with CCM, only intervals II, III, and VI are discussed;

1) Interval II [£;-t2]: During this time interval, the main power
switch M is turned on, all diodes are reverse biased. The
inductor current 7y, of the main transformer starts to flow
through the switching device. The current ¢y increases
linearly. C,,1 and Lg continue the first resonant path from
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the previous interval. This mode ends when the current in
My, igw, sharply decreases to zero at ¢ = io.

2) Interval IIl [¢{5-f3]: During this time interval, the main
power switches M and M5 remain in the non-conducting
state. The inductor current 77,; decreases to zero before the
start of the next switching cycle at ¢ = ¢¢. The energy
stored in inductor L; starts to discharge into snubber
capacitor Cs,; and transferred to the output V,,;. This
mode ends when the current in I; and D; reaches zero at
t = ts.

3) Interval VI [t5-tg]: During this time interval, all the switch-
ing devices are turned off. It enters the final mode. Small
ripple occurred in this mode in Vpg by considering the
appearance of the parasitic capacitor C, in M. This mode
ends when the main switch M; is turned on again at ¢ =
tg.

V. STEADY STATE ANALYSIS

In this section, a steady state analysis of the effect of leakage
inductance on the voltage conversion is carried out. Assuming

power is flowing from Vp to Vi, the voltages across the
inductors L1 and Lo can be written as

Lml
Vi = Vg—0mL (DT, 4
b B L'm,l + leyl ( ) ( )
Vi
Viz = ——(1 - D)Ts. ®)

a
where D is the duty cycle. Based on the volt-second balance
on the coupled inductor, the voltage conversion ratio of the
proposed converter is given by

M= VHV o 'naD Lml

Ve 1=D L1+ Lo
In an ideal condition where the windings are perfectly

coupled, namely, L;41 = 0, the voltage conversion ratio is
simplified to

©)

VHV _ naD

Ve (1-D)

where 1, = Ny2/Ngy is the turns ratio of the main transformer.
Fig. 7 illustrates the detailed plot of different voltage gains

M = @)
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inductance in CCM step-up mode.

related to turns ratio and duty cycles with the absence and
presence of leakage inductance. As shown in Fig. 7, for duty
cycle < 0.5, the leakage inductance has little effect on the
voltage conversion ratio M.

V. DESIGN OF SNUBBER CAPACITORS

In the proposed converter, high step-up voltage conversion
requires the snubber circuit to be able to minimize and limit
the additional voltage stress on the power transistors to a lower
value. To reduce the voltage stress, high value of snubber
capacitance is generally preferred. However, increasing the
snubber capacitance value will increase the inductor currents.

TABLE I: Component Parameters

Parameters Values
Battery Voltage, Vg 12V
High Voltage, Vv 180 V

Duty cycle, D 0.5

Switching frequency, fsw 50 kHz
Maximum Output Power, Pout 50 W
Csn1 and Cgpo 22 nF
Co 220 uF/ 450V
My, Mo IRFP4332PbF
Transformer (turns ratio for NCC) 1:17
Transformer, N, (turns ratio for CC) 1:17
Transformer, N, (turns ratio for CC) 17:1
D1, D2, D3, Dy uG4D

Also, the circulating currents may induce additional conduc-
tion losses through the switching device. Because of this
reason, the optimum value of snubber capacitance is critical to
minimize the energy losses. During turn on, the energy stored
in the primary leakage inductance L;;,; and snubber capacitor
Csnl are

1 : .
Elkyl - ilegl |:<7lky1,111ax)2 - (”kgl,min)z} (8)

1

Ecsnl — §Csn] |:(chsn1,max)2 + (Vcsnl,min>2i| . (9)

If the energy stored is fully transferred during turn off, it
will obtained the following equation is obtained;

Elkgl - Ecsnl- (]0)

The snubber design starts with the selection of maximum
voltage spike on the main switch. Then by considering the
effect of leakage inductances on the primary side, namely,
combining (8), (9) and (10), the value of snubber capacitors
Csn1 can be expressed as

. 2 . 2
legl [llkgl,max — Ukgy ,min }
2 2
[‘/csn],max + chsn],min }

where %j5.g, mas and %ixg, i are the maximum and minimum
leakage inductance currents respectively. While, Veen1 maz
and Visn1,min 1s the maximum and minimum voltage across
snubber capacitor Cgp1.

Csnl = (ll)

VI. EXPERIMENTAL VERIFICATION RESULTS OF THE
PRoOPOSED CONVERTER

To experimentally verify the operation and performance
of the proposed converter, an 50 W laboratory hardware
prototype is built and tested. Table I shows the design of the
converter specifications and components. The snubber circuit
is designed based on (11). The value of snubber capacitor is
calculated based on the value of leakage inductance Ljzg1.
The assumption has been made for the value of the voltage
spike V(1. While the voltage spike is reduced, the high losses
are appeared because of MOSFET turned off delay.

During step-up mode, Fig. §(a) demonstrates the waveforms
of the gate driving signal V,; the voltage stress across the
switch Vpg1; and the voltage across the load V,,,;. Meanwhile,
in Fig. 8(b) it shows that current circulation for ¢y; and io
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TABLE II: Comparison of the proposed cross-coupled converter (CC), non-cross-coupled (NCC), the converter in [32], [
Converter Proposed CC NCC [32] [33] [34]
Number of switches 2 2 3 4 4
Number of diodes 4 4 0 0 6
Gate driving low-side low-side low-side & high-side | low-side & high-side | low-side & high-side
Number of gate drivers 2 2 2-3 3-4 3-4
Voltage-clamping switches 2 out of 2 2 out of 2 3 out of 3 2 out of 4 4 out of 4
Number of capacitors 4 4 1 3 4
Number of inductors 0 2 0 2 1
Number of transformers 2 1 1 1 2
Voltage gain =0 TRieo) Re=o) oy S
Voltage conversion ratio 1:15 (12V:180V) | 1:15 (12V:180V) 2:1 (24V:12V) 1:8 (24V:200V) 1:8 (48V:400V)
Transformer turns ratio 1:17 1:17 10:30 1.5:1 1:3
Power S50W 50W 15SW-50W 200W 400W
Peak efficiency 87% 63% 83% 95.6% 95.5%
Switching Hard-switched Hard-switched Soft-switched Soft-switched Soft-switched

TABLE III: Power Loss Distribution of the Proposed Converter in Step-Up Mode at Full Load (50 W).

(b)

time[Sus /div]

Fig. 8: Some experimental results in CCM with LCD cross-
coupled snubber circuits in step-up mode. (a) Vg1, Vps1 and
Vout. (b) Vys1, Vbsi, tr1 and 2po.

on both sides of transformer reduce significantly compared
to the previous topology with non-cross-coupled technique.

(b)

Components / Models Parameters Loss (W) %
M and N> (IRFP4332PBF) Ras,on = 29m8; ton = 85ns; topp = 85ns: Cygs = 570pF 4.67 9.34
D1, D>, D3, Dy (UG4D) V; : 0.95V 0.90 1.80
Csn1 and Cgpo (22 nF) R: =0.2mQ2 0.00 0.00
Cy and Co (220 uF/ 450V) R. =0.20 0.03 0.06
Primary Transformer, Ng1 : Ng2 (3C90) Ac = 0.76mm?; I, = 0.72mm; Ry, = 3.06mQ 0.60 1.20
Secondary Transformer. Npp : Np2 (3C90) Ac = 0.76mm?; I, = 0.72mm: Rg. = 0.84Q 0.02 0.04
Total Loss 6.22 12.44
¥
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Fig. 9: Experimental results in CCM with LCD snubber
circuits in step-down mode. (a) Vys2, Vpsa. ir3 and Voy.
(b)‘/;:snl, ‘/(’5112, and 7./L4~

These figures validates the analysis in Section III

Fig. 9(a) depicts the waveforms of V.2, Vpg2, low-side
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Fig. 10: Efficiency comparison between cross-coupled (CC)
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Fig. 11: Power loss comparison between cross-coupled (CC)
and non-cross-coupled (NCC) topology.

current 773, and Vi, during a few switching period of step-
down mode. According to the practical waveforms, it can
be found that no circulating current in the loop of 7;3. The
energy stored in L, is transferred to the output through Ls.
Meanwhile, Fig. 9(b) is the measurements of Vs,1, Vesnz and
the waveforms at the secondary winding current ir4. From
Visn2, it is shown that the energy stored in L3 is recycled.
Table 1T compares the proposed converter among the other
converters in terms of the number of active and passive com-
ponents, voltage gain, efficiency, etc. The proposed converter
can produce an output voltage with a voltage conversion ratio
of 15:1, which is the highest gain amongst the other converters
while maintaining reasonably high efficiency in hard-switched
condition. With respect to the number of active components,
only two power switches required for the proposed converter.
Meanwhile, the converter in [33] and [34] entailed four active
switches, and three active switches are applied in [32]. In
addition, the number of gate drivers involved in the proposed
topology is less than the other converters, where only low-side
gate driving is used. Meanwhile, the expressions of voltage
gain for conventional flyback converter, the proposed converter
and the converter in [32] are the same. However, the current

stress of the proposed converter is higher compared to the con-
verters in [33] and [34], due to a comparatively larger voltage
conversion ratio which requires a larger transformer turns ratio.
Although the proposed converter has less component count,
the efficiency is much lower than the converter in [33] and
[34] due to hard-switched operation. However, the proposed
converter has similar efficiency with the converter in [32].
However, the proposed cross-coupled has higher efficiency
when compared to the non-cross-coupled topology.

Fig. 10 presents the measured conversion efficiencies of
both the proposed (cross-coupled) and the non-cross-coupled
case in step-up mode conditions. The peak efficiency of the
proposed converter is nearly 90%. Moreover, there is an
efficiency improvement on average at 20% for the cross-
coupled compared to the non-cross-coupled topology across
the entire load range. The efficiency slightly decreases with
the increase of the output power mainly due to the increase
in conduction and switching losses. The switching loss of
the proposed converter is higher due to its hard-switched
operation.

Table III indicates the estimated power loss distribution of
the proposed converter, where Vg is 12 V and Vg is 180
V. The selected parameter values of each components are
based on the datasheets and the experimental tests. Fig. 11
shows the comparison of power loss distribution between
cross-coupled and non-cross-coupled at full-load condition.
The cross-coupled conduction loss is 0.484 W, which is
lower than non-cross-coupled conduction loss 1.742 W. The
calculation confirms the effect on minimizing the circulating
currents through the circuit to decrease the conduction loss.
In addition, the snubber losses of the cross-coupled converter
and non-cross-coupled converter are 0.901 W and 1.190 W,
respectively. The non-cross-coupled technique converter uses
the same parameters as that of the proposed cross-coupled
converter except for the secondary winding. This confirms the
analysis in Section II.

VIl. CONCLUSION

In this paper, the current circulation problem for flyback
converters with RCD and non-cross-coupled (NCC) regener-
ative (i.e. LCD) snubbers is identified, explained and experi-
mentally verified. To alleviate the current circulation problem,
a bidirectional two-switch DC-DC flyback converter with
two crossed-coupled LCD snubbers was then proposed. The
primary flyback transformer is coupled to the snubber inductor
on the secondary side, while the secondary transformer is
coupled to the snubber inductor on the primary side. It offers
advantages over the non-cross-coupled topology in terms of
power loss and efficiency. In addition to reducing large voltage
spikes during turned-off instants of the power transistors, the
snubber circuits recycle leakage energy back to the source.
Detailed analysis and operation principles were presented. Ex-
perimental results have verified the advantages of the proposed
cross-coupled converter. Comparison with existing topologies
in terms of component count, voltage gain and efficiency were
provided.
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