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ABSTRACT

A new zero voltage switching bidirectional DC-DC
converter proposes in this paper. In the proposed
converter, without adding any auxiliary switches and
with a simple snubber, soft switching conditions are
created, which simplifies the structure of the converter.
The control of the switches in the proposed converter is
complementary to each other, so the control circuit of the
converter is simple and does not need any extra control
circuit. The coupled inductors used in the converter,
in addition to controlling the resonant inductor energy,
transfer circulating currents to the input or output, which
reduces the loss energy in the converter and increases the
efficiency. The proposed converter is fully analyzed, and
to verify the theoretical analysis, a 300-watt prototype of
the converter is implemented and tested, resulting in an
efficiency of about 95.5% at full load.

Keywords: Bidirectional converters, Zero voltage
switching (ZVS), Efficiency

1. INTRODUCTION

Nowadays, bidirectional converters are widely used
in industry. These converters are used as controllers to
store energy [1], [2]. These converters are widely used
in photovoltaic systems [3–6], electric vehicle systems
[7-9], wind energy systems [10–13], and fuel cell systems
[14–16]. In these systems, batteries and supercapacitors
are used to store energy, and the bidirectional converter
controls the transfer of power between the storage
elements and the main system. In all the systems
mentioned, this process is used to receive power and
store it when the system power is high. and delivering
power to the system through storage elements when the
main power is reduced. Since efficiency is important in
the above systems, the placement of converters reduces
the efficiency of the system. Therefore, the higher the
efficiency of the bidirectional converter, the less effect
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it has on the efficiency of the whole system. There-
fore, in recent years, high-efficiency converters have
become particularly important [17–19]. Hard-switching
converters have such low efficiencies that soft-switching
techniques have been proposed to increase efficiency.
These techniques minimize voltage and current overlap
during switching, which reduces switching losses and
increases efficiency. Commonly used techniques are
resonant [20], [21], zero voltage switching (ZVS) [22–24],
zero current switching (ZCS) [25], [26], and zero voltage
zero current switching (ZVZCS) [27]. In the resonant
converter, by creating a resonant on the voltage and
current of the switch, the rising rate of the voltage and
current is decreased and soft switching is provided, but
this technique creates a high current stress on the switch.
Therefore, these converters are not suitable for use in
high-power systems.

In [20] and [21], two resonant converters are pro-
posed, and these converters have high current stress.
Also, these converters have many elements, which
increases volume and cost. Zero-voltage switching is
one technique to decrease switching losses and increase
efficiency; in [22], a new converter with this technique
is introduced. In this converter, high voltage gain and
full ZVS are achieved, but due to the high number of
elements, this converter has a high volume and cost.
Also, in this converter, eight switches are used, and
the control of these switches is very complex. In [23],
a new ZVS bidirectional converter is proposed. This
converter has an interleaved structure that increases
the reliability of the converter, but this structure has
high complexity with eight switches, which increases
conduction losses and decreases efficiency. In this
converter, the control of these eight switches is very
difficult. A high-voltage gain ZVS bidirectional converter
is presented in [24]. Although this converter has a high
voltage gain and efficiency, its complex structure makes
it difficult to implement. Also, the control of the switches
in this converter is very complex, so the design and
implementation of the control circuit are difficult. Zero-
current switching is another technique to establish soft
switching and decrease switching losses. [25] and [26]
are two references that introduce this technique. [25] has
a high efficiency but a high number of elements, which
have complex structures. [26] has a simple structure with
high efficiency, but in this converter, due to the nature of
the auxiliary circuit, the current stress on the elements
is high. The converter also has a special tuning on the
switches, which have a complex control circuit. Some
references have used both soft switching techniques,
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Fig. 1: Structure of the proposed converter.

which are described in a sample of this converter in
[27]. This converter has a low number of elements and
a simple structure with high efficiency, but it also has
four switches with special tuning and a complex control
circuit. Also, current stresses on the switches are high.

In this paper a new ZVS bidirectional DC-DC con-
verter is proposed that has high efficiency. The proposed
converter has a simple structure without any extra
switches. By using only one snubber circuit, the ZVS
condition is provided for both directions, and with
coupled inductors, circulating currents are controlled.
The proposed converter is analyzed in Section 2, and
in Section 3, the design of the converter elements and
important relationships are given. The experimental
results of the proposed converter are presented in Section
4; in Section 5, a comparison of the proposed converter
with other converters is given, and finally, the conclusion
of the paper is presented in Section 6.

2. THE PROPOSED CONVERTER STRUCTURE
AND ANALYSIS

The proposed converter is shown in Fig. 1. The
converter consists of three inductors coupled to one core.
The proposed converter does not have any auxiliary
switches. 𝐷1 and 𝐷2 are placed to control current flow
on coupled inductors, which, according to the switching
mode of the converter and the on and off times of these
diodes, transfer the energy of the coupled inductors as
well as their leakage inductors to the input or output
of the converter. The equivalent circuit of the proposed
converter with coupled inductors is shown in Fig. 2. As
can be seen, the coupled inductors include a magnetic
inductor and leakage inductors. The converter is fully
analyzed in both modes.

2.1 Boost Mode

In boost mode, the power is transferred from 𝑉1 to 𝑉2.
In this mode, 𝑆2 is the main switch, and 𝑆1 is an auxiliary
switch that is switched as a complement to 𝑆2. There are
eight intervals in boost mode, which is described below.
The key waveforms of the proposed converter in boost
mode are shown in Fig. 3.

Interval 1 (𝑡0 − 𝑡1): This interval begins when 𝑆2is

Fig. 2: Equivalent of the proposed converter.

Fig. 3: Key waveforms of the proposed converter in boost
mode.

turned off. Since 𝐿𝑟 current cannot change immediately,
a resonance occurred between 𝐿𝑟, 𝐶𝑠1 and 𝐶𝑠2. This
resonance causes to discharge 𝐶𝑠1 and charge 𝐶𝑠2. The
equations for these charges and discharges are shown
below.

𝑖𝐶𝑆1 = 𝑉2
𝑍 𝑠𝑖𝑛𝜔𝑟 (𝑡 − 𝑡0) (1)

𝑉𝐶𝑆1 = 𝑉𝑆1 = 𝑉2𝑐𝑜𝑠𝜔𝑟 (𝑡 − 𝑡0) − 𝑉2 (2)

𝑍 = √
𝐿𝑟

𝐶𝑆1
(3)

𝜔𝑟 = 1

√𝐿𝑟 (𝐶𝑆1 + 𝐶𝑆2)
(4)



A NEW ZERO VOLTAGE SWITCHING BIDIRECTIONAL DC-DC CONVERTER WITH SIMPLE STRUCTURE 3

Fig. 4: Equivalent circuit of the proposed converter in boost mode.
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Interval 2 (𝑡1 − 𝑡2): When 𝐶𝑆1 is fully discharged and
the body diode of 𝑆1 conducts, this interval begins. Due
to the conductivity of the body diode, the voltage of the
switch is at zero, and if the switch is turned on, it is turned
on under the zero voltage condition. Therefore, 𝑆1 is
turned on under the ZVS condition for the duration of
this interval.

Interval 3 (𝑡2 − 𝑡3): In this interval, the direction of 𝐿1
current is changed, so 𝐷1 turns off and 𝐷2 turns on. But
in this interval, 𝐿𝑟 current does not change direction.

Interval 4 (𝑡3 − 𝑡4): In this interval, the current of
𝐿𝑟 reaches zero and changes direction. Therefore, the
current from 𝑆1transferred from the body diode to the
switch. This condition continues until 𝑆1 is turned off.

Interval 5 (𝑡4 − 𝑡5): This interval begins when 𝑆1
is turned off. Due to the direction of 𝐿𝑟current and
the fact that inductor current cannot change suddenly,
a resonance occurs between 𝐿𝑟, 𝐶𝑆1, and 𝐶𝑆2. This
resonance causes 𝐶𝑆1 to be charged and 𝐶𝑆2 to be
discharged, so 𝑆1 is turned off under the ZVS condition.
The equation of this resonant is shown below.

𝑖𝐶𝑆2 = 𝑉2
𝑍 𝑠𝑖𝑛𝜔𝑟 (𝑡 − 𝑡4) (5)

𝑉𝐶𝑆2 = 𝑉𝑆2 = 𝑉2𝑐𝑜𝑠𝜔𝑟 (𝑡 − 𝑡4) − 𝑉2 (6)

𝑍 = √
𝐿𝑟

𝐶𝑆2
(7)

𝜔𝑟 = 1

√𝐿𝑟 (𝐶𝑆1 + 𝐶𝑆2)
(8)

Interval 6 (𝑡5 − 𝑡6): With full discharge of 𝐶𝑆2, the
body diode of this switch conducts and the voltage of the
switch is clamped to zero. Therefore, the ZVS condition
is established for this switch.

Interval 7 (𝑡6 − 𝑡7): In this interval, the current of
reaches zero and the direction of this current is changed,
so the current of 𝑆2 is transferred from the body diode to
the switch. During intervals 6 and 7, the current of the
switch rises with a slope as shown below.

𝑉1−𝑉𝐿𝑚

𝐿𝑟
(9)

Interval 8 (𝑡7 − 𝑡8): When the current of the switch
reaches 𝐼𝐿𝑚, the converter act as a boost converter when
the switch is on and the main inductor is charged. In this
interval, because of the direction of 𝐿1 current, 𝐷2 turns
off and 𝐷1 turns on. This interval ends when 𝑆2 is turned
off and the converter returns to interval 1.

The equivalent of these 8 intervals is shown in Fig. 4.

2.2 Buck Mode
The converter in buck mode has eight intervals at one

switching cycle. Before starting interval 1, 𝑆1 is on and
the current is transmitted to the output. According to the

Fig. 5: Key waveform of the proposed converter in buck
mode.

polarity created on 𝐿𝑚, 𝐷1 is off and 𝐷2 is on. With this
condition, interval 1 starts. The key waveforms of the
converter in buck mode are shown in Fig. 5.

Interval 1 (𝑡0 − 𝑡1): When 𝑆1 is turned off due to
the direction of 𝐿𝑟 current, 𝐶𝑆1 is charged and 𝐶𝑆2 is
discharged. These charges and discharges are resonant,
and the equations of this resonant are similar to interval
1 in boost mode.

Interval 2 (𝑡1 − 𝑡2): When 𝐶𝑆2 is fully discharged,
the body diode of this switch conducts, and the ZVS
condition is provided for the switch. In this interval, the
switch’s current is raised linearly with a slope, as shown
below.

Interval 6 (𝑡5 − 𝑡6): By full discharge of 𝐶𝑆1, the body
diode of this switch conducts, and the ZVS condition is
established for this switch. At this interval, S1 is turned
on under the ZVS condition.

Interval 7 (𝑡6 − 𝑡7): When the current of 𝐿𝑟 reaches
to zero, the current direction of 𝑆1 is changed and is
transferred from the body diode to the switch.

Interval 8 (𝑡7 − 𝑡8): In this interval, the current of 𝐿𝑟
and also the current of 𝑆1 reach to 𝐼𝐿𝑚, therefore, the
converter acts as the conventional buck converter when
the main switch is on and the main inductor is charged.
When the switch is turned off, this interval ends and the
switching cycle also ends.

The equivalent of these 8 intervals is shown in Fig. 6.

𝑉1 + 𝑉2
𝐿𝑟

(10)

Interval 3 (𝑡2 − 𝑡3): In this interval, the direction of
𝐿1 current is changed, which causes 𝐷2 to be turned off
and 𝐷1 to be turned on. So, the slope of the current has
changed, as shown below.
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Fig. 6: Equivalent circuit of the proposed converter in buck mode.
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Fig. 7: 𝐿𝑟 versus power and 𝐶𝑆 .

𝑛𝑉 𝐿𝑚
𝐿𝑟

(11)

Interval 4 (𝑡3−𝑡4): This interval startswhen the current
of 𝐿𝑟 reaches zero and changes direction; therefore, the
current of 𝑆2 is transferred from the body diode to the
switch.

Interval 5 (𝑡4 − 𝑡5): 𝑆2 is turned off in this interval.
Since the current of 𝐿𝑟 is continued, this current cause
to charge 𝐶𝑆2 and discharge 𝐶𝑆1. These charge and
discharge are resonantly.

3. DESIGN OF ELEMENTS
3.1 Design and Calculations of 𝐿𝑟

To design 𝐿𝑟, the inductor energy, which must com-
pletely discharge the snubber capacitors, is important.
Therefore, the energy equation in these elements helps
to design the inductor.

1
2𝐿𝑟𝐼2 > 1

2𝐶𝑆𝑉 2 (12)

According to the proposed converter structure, the
current of 𝐿𝑟 is equal to 𝐼𝐿𝑚 and the voltage of snubber
capacitors is equal to 𝑉2.

1
2𝐿𝑟𝐼2

𝐿𝑚 > 1
2 (𝐶𝑆1 + 𝐶𝑆2) 𝑉 2

2 (13)

𝐿𝑟 > (𝐶𝑆1 + 𝐶𝑆2) 𝑉 2
2

𝐼2
𝐿𝑚

(14)

According to Eq. (14), the curves of Fig. 7 have been
drawn, which can be useful in selecting the inductor
according to the snubber capacitors. To get the right
amount of inductor, it is necessary to calculate the
snubber capacitors. Therefore, according to the next
section, these capacitors are calculated, and finally, the
inductor is calculated.

3.2 Design of Snubber Capacitors
In order to design snubber capacitors, reference [32]

provides the complete design of these capacitors, which
is generally provided for all converters.

𝑖𝐶𝑆 = 𝐼𝑡
𝑡𝑓

0 < 𝑡 < 𝑡𝑓 (15)

Fig. 8: Voltage gain in boost mode with fixed value of 𝑚
and various value of 𝑛.

Fig. 9: Voltage gain in boost mode with fixed value of 𝑛 and
various value of 𝑚.

𝑉𝐶𝑆 = 𝑉𝐷𝑆 = 1
𝐶𝑆 ∫

𝑡

0
𝑖𝐶𝑆𝑑𝑡 = 𝐼𝑡2

2𝐶𝑆 𝑡𝑓
(16)

As a result,

𝐶𝑆 =
𝐼𝐿𝑚𝑡𝑓
2𝑉2

(17)

Where 𝑡𝑓 is the falling time of the switch current,
𝐼𝐿𝑚 is the current of snubber capacitors in the converter,
and 𝑉2 is the voltage drop on the switch. 𝑡𝑓 is the fall
time of the switch, and by choosing the right switch, this
value can be obtained from its datasheet page. Therefore,
using this value and the current and voltage values in the
converter, the snubber capacitors are calculated.

3.3 Voltage Gain in Boost Mode

To calculate voltage gain in boost mode, the voltage
second balance of 𝐿𝑚 is written.

𝑉1
1 + 𝑛𝐷𝑇 − (

𝑉2 − 𝑉1
1 + 𝑚 ) (1 − 𝐷) 𝑇 = 0, (18)

where 𝑇 is period of switching, 𝐷 is duty cycle, also 𝑛
and 𝑚 are ratio between 𝐿1, 𝐿2 and 𝐿3, which are shown
in below.

𝑛 = 𝑛2
𝑛1

(19)

𝑚 = 𝑛3
𝑛1

(20)

By simplifying Eq. (18), the voltage gain in boostmode
is obtained as follows.
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Fig. 10: Voltage gain in buck mode with various value of 𝑛.

𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑔𝑎𝑖𝑛 = 𝑉2
𝑉1

= 𝐷𝑚 − 𝐷𝑛 + 𝑛 + 1
(1 − 𝐷) (1 + 𝑛) (21)

As Eq. (21) shows, coupled inductors have an effect on
voltage gain, and with proper selection of n and m, high
voltage gain can be obtained in the boost mode. To better
understand these conditions, Figs. 8 and 9 are drawn,
which show the voltage gain in boost mode with respect
to 𝑛 and 𝑚.

3.4 Voltage Gain in Buck Mode
Similar to the boost mode, in the buck mode the

voltage gain is obtained by writing the voltage second
balance on the 𝐿𝑚.

(𝑉2 − 𝑉1) 𝐷𝑇 − 𝑉1
1 + 𝑛 (1 − 𝐷) 𝑇 = 0 (22)

As a result,

𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑔𝑎𝑖𝑛 = 𝑉1
𝑉2

= 𝐷 (1 + 𝑛)
2𝐷 + 𝐷𝑛 + 1 (23)

As the voltage gain relationship shows, in buck mode
n has an effect on voltage gain. which, to better
understand the graph in Fig. 10, is plotted.

As Figs. 8 and 9 show, 𝑚 is very effective in generating
voltage gain in boost mode, while 𝑛 should be small
in order to increase voltage gain in boost mode. In
figure 10, it is clear that a low value of n is effective for
lower voltage gain in buck mode, so these two values
are selected for higher voltage gain in boost mode and
lower voltage gain in buck mode. Also to compare
voltage gain between converters, Fig. 11 is drawn, which
shows the voltage gain in the proposed converter and
other converters. As can be seen from this figure, the
converters in [29] and [30] have a lower voltage gain
than the proposed converter, but this voltage gain is
fixed and is not controlled by any parameters except duty
cycle. The voltage gain in the proposed converter can be
changed by 𝑛.

3.5 Design and Select of Main Elements
The main elements of the proposed converter are

selected or designed according to nominal power or
voltage gain. Lm is the main inductor in the converter,
which can be designed in a buck or boost configuration.

Fig. 11: Comparison between the proposed converter with
other converters according to voltage gain in buck mode
(𝑛 = 1).

𝐿𝑚 = (1 − 𝐷) 𝑉1
𝛥𝐼𝐿𝑚𝑓𝑆𝑊

, (24)

where Δ𝐼𝐿𝑚 is the current ripple value on the inductor,
which is usually considered 0.1 times the total current to
ensure the work of the converter in CCM mode.

When the main inductor is designed, 𝐿2 and 𝐿3 are
selected according to the voltage conversion ratio in
the proposed converter. Therefore, the voltage gain
equations and curves can be used to select 𝑛 and 𝑚, then
select 𝐿2 and 𝐿3 amounts.

To choose switches and diodes, it is considered what
the current and voltage of these elements are. As a result,
the element is used to withstand this current and voltage.

4. EXPERIMENTAL RESULTS
4.1 Results of Voltage and Current of Switches

A 300-W prototype of the proposed converter is
implemented and tested to verify the theoretical analysis,
which is shown in Fig. 12. Also, the specification of
the proposed converter that is used to implement the
converter is shown in Table 1.

The experimental results of the voltage and current

Fig. 12: Photograph of the proposed converter.



8 ECTI TRANSACTIONS ON ELECTRICAL ENGINEERING, ELECTRONICS, AND COMMUNICATIONS VOL.21, NO.2 JUNE 2023

Table 1: The proposed converter specification.

Element Value or Part number
𝑆1 and 𝑆2 IRF740
𝐷1 and 𝐷2 MUR1080

𝐿𝑟 12𝜇H
𝐿𝑚 200𝜇H
𝑛 1
𝑚 4
𝑉1 96 V
𝑉2 310 V
𝐷 0.5
𝑃 200 W

𝑓𝑆𝑊 100 kHz

of the semiconductor elements are presented in Figs. 13
(buck mode) and 14 (boost mode). In these figures, it is
clear that the current of the switches is negative when the
switches are turned on, which shows the ZVS condition
is provided for these switches. The currents of 𝐷1 and
𝐷2 in these figures are changing slowly, which shows the
ZCS condition is established for these diodes.

These figures compared to the theoretical figures show
that the theoretical analysis of the converter is correct
and that the shapes obtained in the experimental test
are completely similar to the theoretical shapes. Only
in some experimental results can small ripples be seen
on the current or voltage, which are caused by the
practical conditions of the test and the presence of
coupled inductors, which create ripples on the elements
at the moment of state change. On Figs. 13(b) and
14(b), the fluctuations in the switch voltage can be seen
when changing the mode. These fluctuations are often
caused by the presence of coupled inductors that are
manually wound rather than industrially wound. Hence,
these fluctuations can be reduced by winding the coupled
inductors more precisely.

In order to prove the creation of ZVS conditions in
different duty cycle ranges, Fig. 15 shows the voltage and
current of converter switches in different duty cycles in
buck and boost modes. As it is clear from this figure, in
the duty cycle greater than or less than 0.5, soft switching
conditions are available.

5. COMPARISONBETWEENTHEPROPOSEDCON-
VERTER WITH OTHER CONVERTERS

5.1 Comparison Between the Proposed Converter
with Conventional One

Due to the creation of a soft switching condition in
the proposed converter and the reduction of losses in the
elements, the converter efficiency is expected to increase.
Therefore, the efficiency of the proposed converter is
obtained for many values of the power and is drawn as
a curve. This curve is shown in Figs. 16 and 17. In this
figure, the efficiency of the conventional converter is also
shown, which helps to compare the proposed converter

(a)

(b)

(c)

(d)

Fig. 13: The experimental results of the semiconductor
devices in buck mode (a) Voltage (up) and current (down) of
𝑆1 (300 volt/div or 1 A/div & 2.5 µs/div) (b) Voltage (up) and
current (down) of 𝑆2 (300 volt/div or 1 A/div & 1 µs/div) (c)
Current of 𝐷1 (0.5 A/div & 1 µs/div) (d) Current of 𝐷2 (0.5
A/div & 1 µs/div).



A NEW ZERO VOLTAGE SWITCHING BIDIRECTIONAL DC-DC CONVERTER WITH SIMPLE STRUCTURE 9

(a)

(b)

(c)

(d)

Fig. 14: The experimental results of the semiconductor
devices in boost mode (a) Voltage (up) and current (down)
of 𝑆2 (300 volt/div or 1 A/div & 1 µs/div) (b) Voltage (up)
and current (down) of𝑆1 (300 volt/div or 1 A/div & 1 µs/div)
(c) Current of 𝐷2 (1 A/div & 1 µs/div) (d) Current of 𝐷1 (0.5
A/div & 1 µs/div).

(a)

(b)

(c)

(d)

Fig. 15: The experimental results of the 𝑆1 and 𝑆2 in
different value of duty cycle (𝐷) in buck and boost mode
(300 volt/div or 0.5 A/div &1 µs/div) (a) Voltage (up) and
current (down) of 𝑆1 in 𝐷 = 0.7 and buck mode (b) Voltage
(up) and current (down) of 𝑆2 in 𝐷 = 0.3 and buck mode
(c) Voltage (up) and current (down) of 𝑆2 in 𝐷 = 0.7 and
boost mode (d) Voltage (up) and current (down) of 𝑆1 in
𝐷 = 0.3 and boost mode.
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Table 2: Comparison between the proposed converter with four other soft switching converters.

hhhhhhhhhhhhParameters
Converter [28] [29] [30] [31] Proposed

Number of Switches 8 4 3 8 2

Soft switching condition ZVS ZVS ZCS ZVS ZVS

Efficiency 96.5% 95.5% 96% 95.5% 95.5%

Number of diodes 2 0 2 0 0

Number of coupled inductors 1 1 0 2 1

Voltage gain in boost mode 𝑛+2
𝑛(1−𝐷)

𝑛+2
(1−𝐷)

1+𝐷
1−𝐷

𝑛+1
(1−𝐷)

𝐷𝑚−𝐷𝑛+𝑛+1
(1−𝐷)(1+𝑛)

Voltage stress on switch 𝑉ℎ𝑖𝑔ℎ
2

𝑉𝐿𝑂𝑊
1−𝐷

𝑉1
1−𝐷

𝑉𝐿𝑂𝑊
1−𝐷 V2

Current stress on switch 𝐼𝐿𝑚 𝐼𝑖𝑛 𝐼𝐿1 + 𝐼𝐿2 𝐼𝑖𝑛 (1 + 1
𝑛 ) 𝐼𝐿𝑚

Table 3: Comparison between the proposed converter with four other soft switching converters.

Losses Formula

Hard
switching

in
boost mode

Hard
switching

in
buck mode

Proposed
converter

in
boost mode

Proposed
converter

in
buck mode

Switching losses
in 𝑆1

[
1
2 𝑉𝐷𝑆1𝐼𝑆1 (𝑡𝑜𝑛 + 𝑡𝑜𝑓𝑓 ) + 𝑉𝐷𝑆1𝑡𝑟𝑟 (𝐼𝑆1 + 𝐼𝑟𝑟)] 𝑓𝑆𝑊 Zero 22.994W Zero Zero

Switching losses
in 𝑆2

[
1
2 𝑉𝐷𝑆2𝐼𝑆2 (𝑡𝑜𝑛 + 𝑡𝑜𝑓𝑓 ) + 𝑉𝐷𝑆2𝑡𝑟𝑟 (𝐼𝑆2 + 𝐼𝑟𝑟)] 𝑓𝑆𝑊 23.559W Zero Zero Zero

Parasitic capacitance
losses in 𝑆1

1
2 𝐶𝑝𝑎𝑟𝑉 2

𝐷𝑆1𝑓𝑆𝑊 N.A 2.63W Zero 2.55W

Parasitic capacitance
losses in 𝑆2

1
2 𝐶𝑝𝑎𝑟𝑉 2

𝐷𝑆2𝑓𝑆𝑊 2.51W N.A 2.51W Zero

Conduction losses
in 𝑆1

𝐼2
𝑆1(𝑟𝑚𝑠)𝑅𝑑𝑠1 Zero 4.21W 0.4W 0.5W

Conduction losses
in 𝑆2

𝐼2
𝑆2(𝑟𝑚𝑠)𝑅𝑑𝑠2 3.955W Zero 0.45W 0.48W

Conduction losses
in 𝐷1

𝑉𝐹 (𝐷1)𝐼𝐹 (𝐷1−𝑎𝑣𝑒) 2.02W 2.02W 2.01W 2.02W

Conduction losses
in 𝐷2

𝑉𝐹 (𝐷2)𝐼𝐹 (𝐷2−𝑎𝑣𝑒) 1.87W 1.87W 1.78W 1.79W

Conduction loss
in 𝐷𝑆1

𝑉𝐹 (𝐷𝑆1)𝐼𝐹 (𝐷𝑆1−𝑎𝑣𝑒) 0.4W 0.41W 0.35W 0.36W

Conduction loss
in 𝐷𝑆2

𝑉𝐹 (𝐷𝑆2)𝐼𝐹 (𝐷𝑆2−𝑎𝑣𝑒) 0.34W 0.039W 0.3W 0.32W

Core loss of
coupled inductors

𝑓𝑆𝑊
1×109

𝐵3 + 1.1×108
𝐵2.3 + 1.9×106

𝐵1.65 +1.9×10−13𝐵2𝑓2
𝑆𝑊

0.6W 0.6W 0.6W 0.6W

Conduction losses
of 𝐿1

𝑅𝐿1 ∗ 𝐼2
𝐿1 0.065W 0.065W 0.065W 0.065W

Conduction losses
of 𝐿2

𝑅𝐿2 ∗ 𝐼2
𝐿2 0.052W 0.052W 0.052W 0.052W

Conduction losses
of 𝐿3

𝑅𝐿2 ∗ 𝐼2
𝐿2 0.075W 0.075W 0.075W 0.075W

Total losses —— 35.29W 35.546W 8.592W 8.912W
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Fig. 16: Comparison between the proposed converter with
hard switching converter in boost mode as efficiency.

with the conventional ones. As can be seen from this
figure, the efficiency of the proposed converter is higher
than that of conventional ones. Of course, as can be
seen in the low power case, since the soft switching
condition is not fully established, the efficiency of the
proposed converter is low, but at the nominal power of
the converter (300 W), the efficiency is high.

5.2 Comparison Between the Proposed Converter
with Other Soft Switching Converters

The proposed converter is compared with four soft
switching converters that have been introduced in recent
years. The results of this comparison are presented in
Table 2. In this table, as can be seen, the efficiencies are
approximately the same. All four converters examined
in this table have more switches than the proposed
converter, which has increased the cost and volume
of the converters. The converter in [28] has high
efficiency but has eight switches with complex control
on these switches. These conditions are present in
[31]. Also in [31], there are two coupled inductors,
which cause the volume and cost of this converter to
increase. [30] has a fixed voltage gain, which is not
parametrically controllable. It is true that the stress of
the proposed converter is slightly higher than that of the
other converters in the table, but the proposed converter
has advantages such as a simple structure and simple
control.

Table 3 shows the losses analysis of the proposed
converter and the hard switching converter. These
values show that the losses in the proposed converter are
decreased and efficiency is increased.

6. CONCLUSION

In this paper, a new bidirectional converter with a
simple structure is proposed. In the proposed converter
without any auxiliary switch, a soft switching condition
is established, which causes decreases in volume, cost,
and losses in the converter. The control of the proposed
converter is simple, and two switches are gated as
complementary with each other, so it does not require
any extra control circuitry. The proposed converter

Fig. 17: Comparison between the proposed converter with
hard switching converter in buck mode as efficiency.

has three inductors that are wound on one core; hence,
the volume of the converter is decreased. In the
proposed converter, no additional stress is imposed on
the semiconductor devices, so suitable semiconductor
elements can be selected. Finally, the experimental
results of the proposed converter verified the theoretical
analysis.
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