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Abstract

This study introduces a new bidirectional converter that maintains the zero-
voltage switching feature without complicating the circuit operation through
an auxiliary circuit. Additionally, the circuit’s design ensures consistent
operation during both ascending and descending modes, coupled with a
straightforward control circuit. An exhaustive analysis of the converter in
various modes has been performed. Furthermore, the converter operates
symmetrically in both step-up and step-down modes, with two out of the
four switches remaining off in each mode. The auxiliary circuit introduced in
this design is a model of modularity and versatility. It seamlessly integrates
with two-phase or multi-phase bidirectional converters without necessitat-
ing extra components. Imagine it as a universal adapter that, regardless
of the number of phases or the direction of conversion, plugs in effortlessly,
enhancing the system’s functionality without cluttering it with additional
parts. This innovative approach not only simplifies the design process but
also streamlines the overall architecture, making it a highly efficient solu-
tion for complex power conversion scenarios. Simulation of the proposed
converter was conducted using PSPICE software, validating the theoretical
analysis. Furthermore, a 60 W prototype of the converter was constructed,
which its outcomes corroborated the simulation findings.
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1 Introduction

To address environmental pollution and the depletion
of fossil fuels, electricity generation is increasingly re-
lying on renewable energy sources (RES). However,
the dependability of RES is significantly compromised
due to the variable and intermittent nature of their
power output. To enhance reliability, energy storage
devices (ESD) like batteries and supercapacitors are
employed [1]. Particularly, supercapacitors, which ex-
hibit lower voltage levels, necessitate a power electronic
interface to match the 3-phase, 400 V rms load volt-
age, requiring at least a 600 V dc-link voltage. In such
scenarios, a non-isolated boost converter is often used
to amplify the voltage gain. Yet, the primary chal-
lenges with boost converters are their limited voltage
transfer ratio (VTR) and the elevated voltage stress on
the semiconductor components [2]. To address these
limitations, literature has introduced high-gain con-
verters leveraging concepts such as Switched Capaci-
tor (SC), Switched Inductor (SL), Voltage Multiplier
(VM), among others [3].

Numerous high-gain dc-dc converters have been
documented, derived from these concepts, yet they
are not capable of bidirectional operation [4]. Boost-
ing low-voltage batteries directly with a high-voltage
conversion ratio (VCR) bidirectional DC-DC converter
presents an alternative strategy. Among various op-
tions, the Dual Active Bridge (DAB) converter is a
favored choice for enabling bidirectional power flow
within isolated configurations [5]. Its VCR can be flex-
ibly modified by altering the transformer’s turn ratio.
While the voltage-fed DAB features a straightforward
design and high power density, it suffers from high in-
put current ripple. However, its operational limitations
within a broad VCR range, due to constrained zero
voltage switching (ZVS) capabilities and increased cir-
culation losses, make it less suited for wide-ranging ap-
plications [6, 7]. Attempts to address these challenges
by integrating additional switches or transformers have
resulted in increased circuit and control complexity [8].

Current-fed DAB variants, capable of achieving
ZVS across a wide voltage spectrum, necessitate ex-
tra DC inductors, thus diminishing power density.
In various scenarios, particularly those not requiring
galvanic isolation like hybrid electric vehicle (HEV)
motor drives, DC microgrid energy storage systems,
and more, nonisolated DC-DC converters offer a vi-
able solution [9, 10]. These converters generally boast
higher power density and cost-effectiveness compared
to their isolated counterparts. Despite the conventional
buck/boost converter’s theoretical capability for bidi-
rectional high VCR, practical limitations arise due to

the inductor’s equivalent series resistance (ESR), di-
minishing voltage gain at high duty cycles [11]. The
selection of suitable switches becomes challenging due
to equivalent high voltage stress and peak inductor cur-
rent, thereby reducing conversion efficiency [12,13]. As
a result, the high-voltage side (HVS) typically does not
exceed four times the low-voltage side (LVS). A pro-
posed solution involves a two-stage buck/boost cascade
topology, achieving a squared VCR of the traditional
buck/boost converter with just four switches, although
this necessitates the use of high-voltage rated switches
due to ZVS losses in some cases [14].

Alternative topologies employing coupled inductors
can achieve high VCRs by adjusting the turns ratio
but face issues like voltage spikes and electromagnetic
interference upon switch deactivation, alongside chal-
lenges in achieving consistent coupling coefficients for
mass production. Switched capacitor converters, noted
for their straightforward cascaded structure and high
power density, mainly derive their VCR from the ca-
pacitor count, limiting their modulation by duty cycle
and suitability to fixed-source voltage applications [15].
Integrating the switched capacitor structure into boost
circuits has been explored to modulate HVS voltage
via duty cycle and enhance VCR with fewer capaci-
tors, though most research focuses on unidirectional
power flow. Bidirectional high VCR converters have
seen limited discussion, with existing models like the
series capacitor buck converter and multistage bidirec-
tional topology necessitating complex designs or addi-
tional components to manage voltage spikes and ensure
ZVS, ultimately requiring high-voltage rated switches
[16]. The bidirectional SEPIC-Zeta converters offer ad-
vantages over DAB converters, such as having fewer
switches and a faster dynamic response [17,18].

This research introduces a new bidirectional
SEPIC-Zeta converter characterized by a symmetrical
auxiliary circuit and straightforward operation. It en-
sures zero voltage switching (ZVS) conditions for the
circuit switches, significantly reducing the converter’s
losses. Moreover, the converter operates symmetrically
in both step-up and step-down modes, utilizing only
two of its four switches in either mode.

In this study, a bidirectional converter is to be intro-
duced, and its performance in both step-up and step-
down modes is to be examined in section 2. In section 3,
an extensive analysis of the proposed converter is to be
conducted, involving the derivation of design equations
for its components and the calculation of voltage stress
on semiconductor elements. To validate the theoretical
analysis of the proposed converter, a simulation was
conducted using PS software, with the results detailed
in section 4. Additionally, a 60 W prototype was con-
structed, and the practical outcomes are examined in
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section 5. Finally, the conclusion is presented in sec-
tion 6.

2 The proposed convertor

The proposed bidirectional converter, illustrated in
Figure 1, operates in two modes: step-up and step-
down. The design comprises two segments: the pri-
mary circuit, which contains switches M1 and M3, an
inductor L, and a capacitor C, and the auxiliary cir-
cuit, which includes coupled inductors L1-L2, switches
M2-M4, capacitors C1 and C2, diodes Da1 and Da2,
a snubber capacitor CM, and a resonant inductor Lr.
Commands are given to switches M1 and M2 during
step-up mode and to switches M3 and M4 in step-down
mode.

Fig. 1. The proposed SEPIC-Zeta bidirectional con-
verter.

In step-up mode, the converter operates through
four distinct stages within a single switch cycle. Dur-
ing this mode, switches M1 and M2 are signaled, while
switches M3 and M4 remain inactive. For simplicity in
analyzing the circuit, the voltages across capacitors C,
C0, C1, and C2 are presumed constant, and the induc-
tors’ current is disregarded. Prior to the commence-
ment of the first interval, M1 is deactivated with the
body diode of M3 (DM3) conducting, allowing the in-
ductor L to discharge into the output. Figure 2 shows
the key waveforms of the step-up mode and Figure 3 il-
lustrates the equivalent circuit of the converter in each
mode.

2.1 Operation in step-up mode

The First Interval This interval initiates with the
activation of switch M2. A resonance between Lr and
capacitor CM1 occurs, leading to the discharge of the
capacitor. Once fully discharged, the body diode of M1

conducts, signaling the end of this interval.

The Second Interval Upon the body diode of M1

conducting, switch M1 can be activated under Zero
Voltage (ZV) conditions. During this interval, as the

constant reverse voltage across Lr diminishes, the cur-
rent through M2 linearly decreases, alongside the body
diode current, until the current shifts from the body
diode of M1 to M1 itself. The interval concludes
once the switch current equals ILm1, deactivating diode
DM3.

Fig. 2. The keywaveform of the proposed bidirec-
tional converter in step-up mode.

The Third Interval Following the deactivation of
DM3, the charging of LM1 occurs linearly. Concur-
rently, switch M2 is turned off under Zero Voltage Zero
Current (ZVZC) conditions. During this period, Co
fulfills the load current requirement. This interval con-
cludes with the deactivation of M1.

The Fourth Interval With the deactivation of M1,
the body diode DM3 conducts, initiating the discharge
of inductor L into the output. Here, the auxiliary cir-
cuit is disengaged from the converter. This interval
wraps up with the reactivation of M2.

2.2 Operation in step-down mode

Similar to the step-up mode, the converter in step-down
mode progresses through four intervals within a switch
cycle, with commands directed to switches M3 and M4

while switches M1 and M2 remain inactive. In this sce-
nario, switch M4 is activated before M3, discharging
the capacitor M3 and establishing Zero Voltage (ZV)
conditions for the switch. The same initial conditions
applied to step-up mode are assumed here.

The First Interval This interval initiates with
switch M4 being turned on, causing a resonance be-
tween Lr and the input capacitor of M3, leading to the
discharge of M3’s capacitor and the conduction of M1’s
body diode. From this point, M3 can be activated un-
der ZV conditions.
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(a) Interval 1.

(b) Interval 2.

(c) Interval 3.

(d) Interval 4.

Fig. 3. The equaivalent circuits of the proposed
converter in step-up mode.

The Second Interval Following the deactivation of
DM1, the voltage across Lr drops, and the current
through M4 decreases linearly until it reaches zero, al-
lowing it to be turned off under Zero Current (ZC)
conditions. Simultaneously, the current through DM3

decreases until it shifts from DM3 to M3, increasing to
ILm1 level and marking the end of this interval.

The Third Interval With DM1 is turned off, induc-
tor L is charged through VH , and the energy from ca-
pacitor C is discharged into the output.

The Fourth Interval Upon M3’s deactivation, the
capacitor of M3 charges, and inductor L begins dis-
charging into the output. In this mode, M4 is turned
off under ZVZC conditions, removing the auxiliary cir-
cuit from the converter entirely.

Fig. 4. The keywaveform of the proposed bidirec-
tional converter in step-down mode.

3 Analysis of the proposed bidi-
rectional convertor

In this section, both the converter’s gain and the
specifics for designing its components are discussed.
During step-down operation, the output voltage, is
given by the equation VL = DVH

1−D , where VH is the in-
put high voltage andD is the duty cycle. Consequently,
the voltage across capacitor C2 can be determined us-
ing a similar approach. Likewise, the voltage across
capacitor C1 is derived following the same principle.

VC2 = n(1 −D)VL = nDVH , (1)

VC1 = nVL =
nD

1 −D
VH , (2)

VL
VH

=
D

1 −D
, (3)

VM1
= VM3

=
VH
D

, (4)

VDa1
= VDa2

= (2 −D)VH , (5)

where VL is low voltage side and n is turn ratio of
coupled-inductor L1-L2.
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The efficiency of this converter mirrors that of a
standard SEPIC converter. Figure 6 illustrates how
the converter’s efficiency varies with alterations in the
duty cycle for both step-up and step-down operations.

(a) Interval 1.

(b) Interval 2.

(c) Interval 3.

(d) Interval 4.

Fig. 5. The equaivalent circuits of the proposed
converter in step-down mode.

Additionally, Figure 7 displays the normalized volt-
age stress exerted on the switches relative to the high

voltage. Observably, voltage stress diminishes with an
increase in the duty cycle, making a duty cycle of 0.5,
the optimal selection for design purposes.

(a) Step-up mode

(b) Step-down mode

Fig. 6. Proposed bidirectional converter gain dia-
gram.

Fig. 7. Normalized elements stress diagram of sug-
gested bidirectional converter.
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4 Simulation results

To validate the theoretical analysis of the proposed
converter, it was simulated for a high voltage of 110
volts, a low voltage of 48 volts, and a power of 60 W
using PSpice software. The specifications of the de-
signed components are listed in Table 1. Moreover,
the schematic representation of the proposed high step-
up converter simulated in both step-up and step-down
modes is shown in Figure 8.

Table 1. Specifications of suggested converter and
its elements values.

Elements/Specifications Part name/Value
Vin 48 V
VO 110 V
Power switch IRF740
L1, L3 270 - 100 µH
Turns ratio = N 0.6
Lr 2µH
C2 − C1 10µF
Co 100µF
Cs 4.7 nF
PO 60 W
fS 100 kHz

The simulation outcomes in both these modes are
depicted in Figures 9 to 16. Figures 9 and 10 display
the current and voltage waveforms for switches M1 and
M2 in the step-up mode. It is observed from Figure 9
that the current is negative at the instant the switch
is activated, thereby turning on the body diode and
facilitating zero voltage switching conditions. Simi-
larly, as seen in Figure 10, the auxiliary switch M2

is activated and deactivated under zero current condi-
tions. Figure 11 illustrates that the M3 body diode of
switches at zero current, avoiding the reverse recovery
issue due to the progressive increase and decrease in its
current upon activation and deactivation, respectively,
attributed to the leakage inductor.

In Figures 12 and 13, the current and voltage wave-
forms for switches M3 and M4 in the step-down mode
are illustrated. As indicated in Figure 12, the current
turns negative when switch M3 is activated, hence the
body diode is activated, providing zero voltage switch-
ing conditions. Furthermore, Figure 13 shows that the
auxiliary switch M4 is activated and deactivated under
zero current conditions. According to Figure 14, the
M1 body diode switches at zero current due to the grad-
ual increase and decrease of its current when switched
on and off, respectively, due to the leakage inductance,
thus avoiding any reverse recovery issues.

5 Experimental results

Figure 15 shows the implemented converter and Fig-
ure 16 presents the practical results of the proposed
bidirectional converter in step-up mode, and step-down
mode. As depicted in Figure 16a, when the switch is
activated, the current is in the negative direction, caus-
ing M1’s body diode to conduct. Simultaneously, M1’s
voltage rises at the moment it is turned off, thus fa-
cilitating the conditions for the switch’s activation and
deactivation. Figure 16c demonstrates that switch M3,
when in step-down mode, experiences similar condi-
tions. The current waveform of the auxiliary switch
M2 (bottom) and M3’s body diode (top) is shown in
Figure 16b, illustrating zero-current switching in both
M2 and body diode of M3 and corroborating the simu-
lation outcomes. Analogous conditions are observed for
the auxiliary switch M4 and body diode M1, as shown
in Figure 16d. The practical outcomes validate the
simulation results and theoretical analysis of the con-
verter. The observed unwanted fluctuations in these
results stem from the resonance of the switch’s inter-
nal capacitor with the leakage inductance.

5.1 Comparison of the proposed bidi-
rectional converter efficiency in
step-up and step-down modes

The efficiency of the proposed bidirectional converter
in both the high step-up and high step-down modes is
depicted in Figure 17. It is observed that the optimal
efficiency is attained at full load. Due to the circulat-
ing current in the auxiliary circuit, a decrease in power
results in reduced efficiency in both modes.

5.2 The Comparison of the proposed
bidirectional converter with previ-
ous bidirectional converters

In this section, the proposed converter is compared
with several recent bidirectional converters. As shown
in Table 2, Converters [19] and [20] feature soft switch-
ing and low voltage stress on their components. How-
ever, they have a high number of switches, resulting
in a more complex control circuit operation. Convert-
ers [21] and [22] have fewer components than the pro-
posed converter, but Converter [21] has the problem of
high current ripple, and Converter [22] lacks a common
ground. Converter [23] is a bidirectional converter with
high voltage gain and low voltage stress, but it also has
high current ripple and lacks a common ground.
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(a) step-up mode

(b) step-down mode

Fig. 8. Schematic view of the proposed bidirectional converter simulated in PSpice software.
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Fig. 9. Simulated converter switch M1 current
(bottom) and voltage (top) waveform in step-up
mode in scale (1µs/div, 4 A/div, 80 V/div).

Fig. 10. Simulated converter switch M2 current
(bottom) and voltage (top) waveform in step-up
mode in scale (1µs/div, 4 A/div, 80 V/div).

Fig. 11. Simulated converter DM3 current (bot-
tom) and voltage (top) waveform in step-up mode
in scale (1µs/div, 4 A/div, 80 V/div).

Fig. 12. Simulated converter switch M3 current
(bottom) and voltage (top) waveform in step-down
mode in scale (1µs/div, 2 A/div, 40 V/div).

Fig. 13. Simulated converter switch M4 current
(bottom) and voltage (top) waveform in step-down
mode in scale (1µs/div, 2 A/div, 40 V/div).

Fig. 14. Simulated converter switch DM1 current
(bottom) and voltage (top) waveform in step-down
mode in scale (1µs/div, 2 A/div, 40 V/div).

Fig. 15. The implimented proposed bidirectional converter.



150 Hydrogen, Fuel Cell & Energy Storage 11(2024) 142–152

(a) (b)

(c) (d)

Fig. 16. The experimental results of the proposed bidirectional converter. (a) Voltage (top) and current
(bottom) of the M1 in step-up mode; (b) The current waveforms of M2 (bottom) and body diode of M3 (top)
in step-up mode; (c) Voltage (top) and current (bottom) of the M3 in step-down mode; (d) The current
waveforms of M4 (bottom) and body diode of M1 (top) in step-down mode (100 V/div, 5 A/div, 1µs/div).

Fig. 17. Efficiency diagram of the proposed bidirectional converter in step-up and step-down modes.
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Table 2. The Comparison of the proposed bidirectional converter with other convertors.

Converter
Switches
Count

Control
Flexibility

Soft
switching

Current
ripple

Common
Ground

Total elements
Count

[19] 7 High Yes Low No 14
[20] 8 Medium Yes High Yes 14
[21] 5 Medium No High Yes 9
[22] 4 Low No Low No 12
[23] 6 Medium No Low No 13

Proposed 4 Low Yes Low Yes 13

6 Conclusions

In conclusion, the proposed bidirectional converter
showcases a multitude of advantages that are pivotal
for its operational efficiency and effectiveness. Key
among these benefits is the provision of Zero-Voltage
Switching (ZVS) conditions for activating the switches,
significantly diminishing switching losses and ensuring
smoother transitions.

The auxiliary circuit, as a standout feature, main-
tains a low circulating current, thereby minimizing any
potential for energy waste. This same circuit aids
in switching off the body diodes under Zero-Current
Switching (ZCS) conditions, effectively addressing the
reverse recovery challenge, a common hurdle in power
electronics. Remarkably, the auxiliary circuit accom-
plishes its role without inflicting noticeable losses on
the converter, preserving its overall efficiency. Its mod-
ular nature allows for seamless integration into various
setups without the need for additional elements, exem-
plifying versatility and ease of adaptation.

The implementation of Pulse Width Modulation
(PWM) control simplifies the control circuit, making
it straightforward to manage while eliminating capac-
itive turn-on losses in switches due to the ZVS fea-
ture. Furthermore, the converter is engineered to of-
fer soft switching conditions across a broad spectrum
of load variations, enhancing its reliability and perfor-
mance under diverse operating conditions. One disad-
vantage of the proposed converter is the floating source
of the auxiliary switches, which necessitates the use of
isolated drivers. However, considering the presence of
optocouplers, this isolation does not affect the size and
cost of the drive circuit. These attributes not only un-
derline the converter’s innovative design but also its
practical applicability in modern power conversion ap-
plications. To advance the research on the bidirectional
converter, efforts should focus on implementing strate-
gies to reduce current ripple and on detailed modeling
for optimizing the control circuit design for enhanced
performance and efficiency.

Abbreviations

ZVS Zero Voltage Switching
ZCS Zero Current Switching
PWM Pulse Withd Modulation
D Duty cycle
RES Renewable Energy Sources
ESD Energy Storage Devices
VTR Voltage Transfer Ratio
SC Switched Capacitor
SL Switched Inductor
VM Voltage Multiplier
VCR Voltage Conversion Ratio
µs Microsecond
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