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Abstract – ,Q WKLV SDSHU D QHZ VRIWVZLWFKHG QRQ
LVRODWHG ELGLUHFWLRQDO FRQYHUWHU LV SURSRVHG 7KLV
SURSRVHGFRQYHUWHULVRSHUDWHGZLWKVRIWVZLWFKLQJ ]HUR
FXUUHQW VZLWFKLQJ  ]HUR YROWDJH VZLWFKLQJ  ,W LV
LPSOHPHQWHG GXULQJ WKH WXUQRQ RI PDLQ VZLWFKLQJ
GHYLFHV ZLWK WKH DGGLWLRQ RI DX[LOLDU\ UHVRQDQW FLUFXLW
WKDWFRQVLVWVRIDQDX[LOLDU\VZLWFKGLRGHFDSDFLWRUDQG
DQ LQGXFWRU 7KH VZLWFKLQJ ORVVHV DUH VLJQLILFDQWO\
UHGXFHG GXH WR VRIWVZLWFKLQJ RSHUDWLRQ RI WKH PDLQ
VZLWFKHV 7KHUHIRUH WKH HIILFLHQF\ RI WKLV WRSRORJ\ LV
LPSURYHG7KHDGGLWLRQDOEHQHILWRIWKLVWRSRORJ\LVWKDW
WKH DX[LOLDU\ VZLWFKHV DUH DOVR RSHUDWHG ZLWK VRIW
VZLWFKLQJ7KHSURSRVHGWRSRORJ\REVHUYHV=&6WXUQRQ
IRU ERRVW PRGH DQG =96 WXUQRQ IRU EXFN PRGH
RSHUDWLRQV 7KH SULQFLSOHV RI RSHUDWLRQ GHVLJQ DQDO\VLV
DQGVLPXODWLRQYHULILFDWLRQVDUHGLVFXVVHGLQGHWDLO7KH
VRIWVZLWFKLQJ FDSDELOLWLHV DUH REWDLQHG IURP GHVLJQ
VLPXODWLRQVRQWKH99:FRQYHUWHUV\VWHP
Keywords-Bidirectional DC-DC Converter; Auxiliary
Resonant circuit; Soft-switching; Zero Voltage Switching;
Zero Current Switching.

I.

INTRODUCTION

In the past few decades non-isolated bidirectional
converters are widely developed for the industrial
applications such as hybrid electric vehicles, auxiliary
power supplies, uninterruptable power supplies,
renewable energy conversion systems and energy
storages systems. In the battery energy storage system
applications, bidirectional converters [2] are used to
interface ultra-capacitors as sources. In these, the
switches are operated with zero voltage transition
(ZVT) by utilizing two auxiliary switches and an
inductor. Such converters suffer from a reverse
recovery problem. To avoid such problem, an inductor
is coupled negatively in the buck-boost converter [1].
Nevertheless, this converter has improved efficiency
and main switching devices have an increased voltage
stress due to coupled inductors. In order to reduce
current ripples by the input inductor in a bidirectional
converter [3], an auxiliary winding to the input
inductor and an additional inductor are included.
Ripple free current and soft-switching techniques give
better efficiency by reducing switching losses in a
bidirectional converter [4] which has a simple
structure and consists of a small inductor and two

capacitors. The efficiency and volumes are the key
parameters in designing converters. To improve the
efficiency and reduce the converter volume, a single
core coupled inductors and auxiliary switches are
included in a bidirectional converter [5]. This
converter achieves high efficiency at low output power
level when the main switches are operated with zero
voltage transition (ZVT). The effectiveness of nonisolated converters [6-7] was improved by auxiliary
resonant networks. The auxiliary resonant networks
consists of two switches, two diodes, a capacitor and
an inductor. In these converters, the soft-switching is
achieved for both main and auxiliary switches and
performance is improved over the conventional nonisolated converters. However, the number of auxiliary
component count is increased and thus volume.
In order to achieve zero voltage switching (ZVS)
and improved efficiency, two different bidirectional
converters with an additional transformer were
reported [8-9], in which the main and auxiliary
switches are turned-on with ZVS. As a result,
switching losses are reduced and it may increase
volume. On the other hand, the high step-up/stepdown [10] and interleaved boost converters [11] are
realized by integrating a built-in transformer and
resonant pulse transformers. These converters can
have a high gain, reduced voltage stresses and zero
voltage zero current switching (ZVZCS).
The main purpose of this paper is to design a
simple soft-switched non-isolated converter for power
supply applications. The conventional bidirectional
converter is modified with a single auxiliary switch, a
resonant inductor and a resonant capacitor. In this
converter, regardless of power transfer, the switches
are turned-on with ZCS and ZVS in both the boost and
buck modes respectively. This topology improves
efficiency and reduces the auxiliary component count
compared to the existing versions [6-7]. As a result,
size and overall cost of the converter are reduced.
This paper is organized is as follows, section II
describes the operation principles and design analysis
is discussed in section III. The design simulation
results are presented in section IV.
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II.

DESCRIPTION AND OPERATION PRINCIPLES

A. Boost mode

Fig.1 shows the proposed ZVS bidirectional
converter. This converter is comprises of two
MOSFETs S1 (buck mode switch) and S2 (boost mode
switch). The auxiliary resonant cell consists of
auxiliary MOSFET Sa, bypass diode Da, one resonant
inductor La, and a resonant capacitor Ca. This
converter when it is operated in boost mode, the S1 is
turned-on to transfer power flow. While converter
operated in boost mode, the switch S2 is in off state.
Similarly, whereas converter is working in buck
mode, the switch S1 is turned-on to transfer the
desired output power. Duration of buck mode, the
switch S2 is turned-off. In both the modes, the
auxiliary resonant cell will be in active a very short
duration prior to turn-on of the main switch (S1 or S2).
The bypass diode Da conducts from t0-t4 intervals and
remaining intervals it is in non-conducting state. The
operation of boost mode is divided into six intervals
with in a switching period is as illustrated in Fig. 4
and equivalent operating modes shown in Fig.5

Figure 4.  Keywaveform : Boost mode

Interval (t0-t1): At t0, the auxiliary switch Sa is turned
on , then inductor current iLa linearly decreasing and
capacitor Ca is started discharging. Due to this
resonant affect, the diode of S2 gets forward biased
and allows the tank current in to it. During half cycle
of this interval, the Ca is discharged and then started
to charge. At time t1, the diode of S2 is stops
conducting. The VCa and ILa are expressed as follows:
Figure 1.  Proposed ZCS/ZVS Bidirectional DC-DC Converter
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Interval (t1-t2): This interval starts when current
through the switch S2 is reached zero. Thereby, the
ZCS turn-on commutation achieved for S2. The
inductor current iLa is at constant, which equals to
input current. At the end of this interval, the capacitor
Ca is completely charged to –V1 and S2 is turned-on.

Figure 2. Equivalent circuit : Boost mode

Interval (t2-t3): This intervals begins at the S2 is
turned-on and its current increasing gradually from
zero. The current through La and voltage across Ca
are linearly increase by a slope of V1/La. At time t3,
the current through the Sa is reached zero. Therefore,
the Sa is achieved ZCS turn-off commutation. The
expression for La is as follows:
iLa (t ) =
Figure 3.  Equivalent circuit : Buck mode
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Figure 5. Operating modes : Boost mode (a) Interval(t0-t1) (b) Interval (t1-t2) (c) Interval (t2-t3) & Interval (t3-t4)
(d) Interval (t4-t5) (e) Interval (t5-t6)

Interval (t3-t4): At time t3, the diode of Sa is starts
conducting and it will allow resonant tank current. At
t4, the diode of Sa is stops conducting. The La current
and voltage across VCa capacitor are linearly decreases
as follows:
La
i La ( t ) = V in sin ω t +
Ca

VCa (t ) = Vin (1 − cos ωt )

La
Io
Ca

(4)

(5)

Interval (t4-t5): At t4, S2 is being in conducting state
and throughout this interval the inductor Ldc energy
gets accumulated via V1-L-S2.
Interval (t5-t6): At time t6, the switch S2 is turned
off and the output current transferred by energy
accumulated by L via V1-L-diode of S1-R.

B. Buck mode
The operation of buck mode is described five
intervals from t0-t5 as shown in Fig.6 and Its operation
current flow schematics shown in Fig.7.
Interval (t0-t1): At t0, the auxiliary switch S1 is
turned on at ZCS condition. Prior to this interval, the
resonant capacitor Ca is charged to -Vdc (V2) and
resonant inductor current is at zero. The current
through La and voltage across Ca are expressed as
below:

iLa (t ) =

VCa
(t − t1 )
La

VCa (t ) = Vin (1 + cos ωt )

(6)
(7)

Interval (t1-t2): This is a very short time interval,
at t1, the auxiliary switch Sa is turned off and its
current reached zero. Due to resonance, the resonant
tank current will flows through the body diodes of the
main switch S1 and Sa. Since the voltage of switch S1 is
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zero before the gate pulse of S1 is applied, the ZVS
operation is achieved.

iLa (t ) = I o −

Vo − VCa
(t − t2 )
La

(8)

Interval (t3-t4): Throughout this interval, the output
power transfer via V2-S1-L-R.
Interval (t4-t5): During this mode, there is no output
power will be delivered.

(a)

(b)

(c)
Figure.7 Operating modes: Buck mode (a) Interval (t0-t1) (b) Interval (t1-t2) (c) Interval (t2-t3) & (t3-t4)

Interval (t2-t3): At t2, the S1 is turned on. The
inductor La current reached zero and Ca is completely
charged to +Vdc(+V2).

III. ZERO CURRENT SWITCHING AND ZERO
VOLTAGE SWITCHING CONDITIONS
The soft-switching turn on conditions ZCS and
ZVS are obtained only when the following condition
is satisfied.
(9)

k <1

Where k =

I max
Vi min

La
P
; I max = max
Ca
Vo

The parameters La and Ca of resonant circuit are
given by equations (10) and (11).
LaCa =

1

(10)

(2πf r )2

La § Vi min k ·
¸
=¨
Ca ¨© I max ¸¹

2

(11)

IV. SIMULATION RESULTS

Figure 6. Keywaveform : Buck mode
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In order to verify the performance of proposed
topology, the design simulations were performed on
Matlab Simulink. The converter design parameters are
mentioned as Table I. The simulations are performed
for both the boost and buck modes separately. Fig.8
shows the current and voltage waveforms of S2, Sa..It
can be seen from the simulation results, the softswitching operation was achieved for main switch S2
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and Sa, as theoretical expectations.As it is observed,
the ZCS turn on operation obtained for main switch S2
and auxiliary switch Sa is turned on at ZCS and turned
off at ZCS. Hence, this proposed converter operated in
boost mode, the turn-on switching losses are reduced
and there are no additional losses by auxiliary circuit.
Fig.9 shows the La current and Ca voltage waveforms.
The peak current through La is 2A and Ca is charged
and discharged to the level of input voltage i.e 150V.
Fig.10 shows voltage and current waveforms of S1 and
Sa for buck mode of operation. The currents through S1
are 5.7A and Sa is 0.5A. There is a turn off current
peak across Sa is observed. It can be seen that, the zero
voltage switching turn on achieved for S1. It is also
observed that the Sa is obtained ZCS turn on and ZCS
turn off. Fig.11 shows the La current and Ca voltage
waveforms. The peak current through the La is 0.5A.
The resonant capacitor Ca is charged and discharged to
the level of 10 V. Fig.11 shows the zero current
switching turn-on transition to the switches S2 and Sa
for boost mode. Fig.12 depicts the zero voltage
switching and zero current switching transitions for
the S1 and Sa for buck mode.
TABLE I. 

SIMULATION PARAMETERS

3DUDPHWHU

Symbol

Value

Input voltage

V1

150 V

Vo(V2)

250 V

fs

50 kHz

L

100μH

La

20μH

Ca

40nF

Co

470μF

Ouput
voltage
Switching
frequency
Input
inductor
Resonant
Inductor
Resonant
Capactitor
Output
capacitor

Figure 9. Resonant inductor La current and Ca voltage waveforms :
Boost mode : (a) iLa (b) VCa

\\

Figure 10. Voltage and current waveforms of S1 and Sa: Buck mode
(a) VS1 (b) iS1 (c) VSa (d) iSa

Figure 11. Resonant inductor La current and Ca voltage waveforms :
Buck mode (a) iLa (b) VCa
Figure 8. Voltage and Current waveforms of S2 and Sa : Boost
mode (a) VS2 (b) iS2 (c) VSa (d) iSa
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Figure 12. ZCS Turn-on Transition (a) VS2 & iS2 (b) VSa & iSa
: Boost mode

Figure 13 (a) . ZVS Turn-on Transition VS2 & iS2 (b) ZCS Turn-on
and Turn-off transition VSa & iSa : Buck mode

V.

CONCLUSION

This paper proposes a new soft-switching nonisolated bidirectional converter for energy storage
applications. The operating principles and simulations
are discussed in detail. The proposed topology
operates with 150 V as input and 250 V at 500 W
output power. While converter operates in boost mode,
the zero current switching turn on operation is
achieved on the main switch and on auxiliary switch
as well. Similarly, in buck mode, the main switch is
turned-on with ZVS and auxiliary switch is turned-on
with ZCS. In addition to these ZCS/ZVS operations,
the auxiliary circuit, which is used in this topology, is
with less number of components as compared with
existing versions. It also reduces turn on losses and
improves efficiency. This paper provides simulation
analysis of the converter, which lays foundation to
evaluate it experimentally. It introduces an efficient
structure for energy storage applications and in future,
the same can be used for wide band gap
semiconductor devices such as SiC, GaN.
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