A Novel Soft-Switching Bidirectional DC-DC
Converter for Energy Storage Applications

Venkata Subba Rao Yanna!, V.V.Subrahmanya Kumar Bhajana'?, Pavel Drabek®
Madhuchandra Popuri?
!School of Electronics Engineering, KIIT University, Bhubaneswar, India
2Regional Innovation Centre for Electrical Engineering, University of West Bohemia, Pilsen, Czech Republic
3School of Electrical Engineering, KIIT University, Bhubaneswar, India
venkata.yanna@gmail.com, kumarbvv(@rice.zcu.cz, bvvs.kumarfet@kiit.ac.in,
drabek@ieee.org,madhuflo@gmail.com

Abstract — In this paper, a soft-switching bidirectional
DC-DC converter is proposed. In order to achieve soft-
switching conditions ZVS turn on / ZCS turn off, the
auxiliary circuit including a switch, a capacitor, a diode
and a small inductor are adapted to the bidirectional
converter. The soft-switching characteristics in this
converter are achieved regardless of power transfer.
Due to the existence of auxiliary circuit, the switching
losses are reduced and thus improve the overall
efficiency. The switching devices achieved ZVS turn on
and ZCS turn off operations, while converter operated
in boost and buck modes, respectively. The operating
principles are described and verify the soft-switching
characteristics by its simulation analysis. The proposed
converter system 100V/340V/650W is validated by
simulation analysis.

Keywords-Bidirectional converter; Non-isolated
converter; Soft-switching; zero voltage switching(ZVS);
zero current switching (ZCS)

L INTRODUCTION

In recent trends, the tradition of non-isolated
bidirectional converter is widely being used in the

applications such as battery operated vehicles,
uninterrupted power supplies, renewable energy
conversion systems and in many industrial
applications. In order to reduce the ripple input

current and to achieve zero voltage switching (ZVS) in
a non-isolated bidirectional converter [1], an auxiliary
winding and auxiliary inductors were adapted with a
conventional bidirectional cell (CBC). Though the
soft-switching is obtained, this converter can only
operate at a very low output powers. In a similar way,
a small inductor and two capacitors were used in
addition with CBC [2]. ZVS condition is achieved for
all switches but it may not withstand for high power
applications. On the other hand, in order to increase
voltage conversion ratio or high gain and also to
reduce voltage stresses, an integrated DC transformer
[3] has been added to CBC. Furthermore, by including
coupled inductor as a part of high step-up/step-down
converter [4] to enhance the conversion ratio and to
achieve ZVS conditions, as well. Then, apart from
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achieving the soft-switching, the overall efficiency is
another key factor to improve the performance of a
non-isolated converter. By incorporating active
snubber cells [5-6] to a CBC, the ZVS operation is
obtained. These converters have better efficiency,
though these lossless active snubbers may increase the
volume and cost. There are many zero voltage
transition bidirectional converters [7] that are proposed
with auxiliary circuit, which comprises of two
auxiliary switches and a capacitor connected via
magnetic coupling. As a result, the soft-switching is
achieved while ensuring better efficiency. In the same
way, another ZVT BDCs are proposed with several
possible combinations [8] which are added with
auxiliary switches and snubber capacitors that are
associated through magnetic coupling. However, all
the converters in [7-8] require additional switches and
capacitors except the resonant inductors. Recently, the
researchers are focusing on utilization of active
snubber circuits in a multiport bidirectional converter
have been reported [9-10] which curtail the input
current ripples and operate through soft-switching.
Rather than obtaining soft-switching, usage of
magnetic coupling and auxiliary switches, a two
winding transformer as a part of auxiliary cells are
taken into account for a non-isolated bidirectional
converter [11] implemented with Si MOSFETs and
then presently, the researchers are focusing on impact
of SiC MOSFETs [12] on non-isolated BDC, which
can increase the output power levels and soft-
switching can be obtain by utilization the coupled
inductor and active snubber circuits. Although, SiC
devices are an effective solution, the overall cost of the
converter may more than the conventional Si IGBT or
Si MOSFET based converters.

This paper presents a new design of non-isolated
BDC with a simple auxiliary circuit. The efficiency
and soft-switching are the key benefits of the proposed
converter without increasing additional losses. In order
to validate the soft-switching characteristics, the
proposed converter system with 100V-340V-600W
has been evaluated by its simulations analysis. This
paper is organized as follows: section II describes the
proposed circuit and its operation principles. Section
III represents the simulation analysis.
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II.  DESCRIPTION AND ITS OPERATION PRINCIPLES
OF A NEW ZV'S BIDIRECTIONAL CONVERTER

The circuit diagram of the proposed ZVS
Bidirectional converter is shown in Fig.1. The main
bidirectional cell adopted with a single auxiliary
resonant circuit is also shown. The bidirectional cell
comprises of two main switches S;, S; and an input
inductor L. The auxiliary resonant circuit consists of a
switch S, a capacitor C,, a diode D, and an inductor
L, Fig.2 (a,b) shows the equivalent schematics of
boost and buck modes. The operation of proposed
converter is described separately with the help of
steady state waveform shown in Fig.3 and Fig.5. The
boost mode operation is divided into seven intervals
and its equivalent schematics with current flow are
shown in Fig.4 (a,b,c,d,e).
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Figure 1. Proposed soft-switching bidirectional converter
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Figure 2. Equivalent circuit (a) Boost mode (b) Buck mode

A.  Operation Principles: Boost mode

Interval (to-t;): This interval begins when S, turns
on. The L, current linearly increases to the level of
input current and C,begins to charge, since L, and C,
are resonating with each other.

Interval (ti-t2): At ti, the S; is turned on, the
voltage across S; is zero and body diode of S; starts
conducting, thus the ZVS turn on achieved for S;.
After quarter cycle of this interval, the body diode of
S, starts conducting. At t», the current through L,

linearly decreases, C, continues to charge and the
body diode stops conducting.
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Figure 3. Steady State waveforms : Boost mode

Interval (tp-t3): This is a short interval, the body
diode of S, will still conducting and S; current reaches
to input current level /;,. The current through L, and
voltage across C, remains same.

Interval (ts-t4): This interval begins when S, is
turned off and S; is still conducting. During this
interval, the voltage across C. and L, continue to
remain same.

Interval (t4-ts): This interval begins when S; is
turned off and S is turned on. During this interval, S;
body diode conducts to allow the resonant current iz,
At the end of this interval, i; reduces to zero and
body diode of S, stops conducting.

Interval (ts-ts): Throughout this interval, S, will be
conducting and energy will be accumulated by input
inductor, L via V;-L-S>.

Interval (te-t7): This interval is same as the
interval, to-t;.

B. Operation Principles: Buck mode

Interval (to-t): This interval begins when the S, is
turned on. Due to S, turning on, the ZVS turn on will
be obtained for S; and ZCS turn off for S».. The L,
current linearly increases to the level of input current
and C, starts charging, since L,, C, are resonating with
each other. The body diode of S; continues to conduct
and allow the resonant current.

Interval (ti-t2): At t;, the voltage across S;
becomes zero and body diode of S; starts conducting,
thus the ZVS turn on achieved for S;. At the end t,
the current through L, reaches smoothly to zero and
voltage across C, is maintained at -V, Therefore, the
body diode stops conducting.

Interval (to-t3): This interval begins when the S, is
turned off. S; current linearly increases, and it reaches
to the level of input current at t3 and at same time, the
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L, current is maintained at -I, and C, discharges
comple

power; 600 W; L,=10uH; C, = 50 nF; Output capacitor

Figure.4 Equivalent current flow schematics (a) Interval (to-t;) (b) Interval (t;-t) (c) Interval (t>-t3) & (t3-ts) (d) Interval
(ts-ts) (e) Interval (ts-tg) : Boost mode
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Figure 5. Steady State waveforms : Buck mode

Interval (t3-t4): During this interval, S; and body
diode of S,are in conducting state. The iz and Vc.are
constant.

Interval (ts-ts): This interval starts when S> is
turned on. A resonant peak appears at starting of this
interval, at t4, value is that of input current. During
this interval, energy is accumulated by the input
inductor, L.

Interval (ts-t¢): This interval is same as the to-t
interval.

III.  SIMULATION ANALYSIS

The proposed bidirectional converter designs and
simulations are performed on MATLAB Simulink.
The parameters considered for the simulation analysis
is as follows: V; =100V (Boost mode) V>=340V (Buck
mode); Switching frequency, f,,= 50 kHz; Output

For boost and buck modes of operations, the duty
cycles used for S;is 0.28 and S»is 0.7. The duty cycle
for the auxiliary switch, S, is 0.12. Simulations are
performed separately for both boost and buck modes.
The voltage and current waveforms of S, S, and S; in
boost mode are shown in Fig.6 (a,b,c.d,e,f). It can be
seen that, ZVS turn on is obtained for S; and S,. The
auxiliary switch S, is turned off with zero current
switching operation. Fig.7 (a,b,c) show the waveforms
of L,, Crand D,. Similarly, simulations are performed
for buck mode by considering input voltage (V>) 340
V and output voltage (V,) obtained is 100 V. The
voltage and current waveforms of S;, S;and S, shown
in Fig.8 (a,b,c,d,e,f). It is observed from these results,
that S, is turned off with zero current switching
condition and S;is turned on with ZVS condition. The
L,, Crand D, waveforms are shown in Fig.9 (a,b,c).
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Figure.6 Boost mode Simulated waveforms (a) Vs, (b)
Vs2 (©)isi (d) isz (€) isr
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The soft-switching operation is clearly observed with IV. CONCLUSION

varying the duty cycle for S, 0.08 and 0.7/2. The clear This paper presents a new soft-switching
transitions of Sy, S>are shown in Fig.10(a,b,c). bidirectional converter for energy storage applications.
The proposed bidirectional converter obtains soft-
switching characteristics for all switches by using
" . simple auxiliary circuit. The ZVS turn on and ZCS
© imeeeer turns off conditions are achieved for both boost and
! /7 ———d "’\ ] buck modes. The simulations are carried out on 100 V-
7 ] /. \J 340V converter system operated at 600W output
o 2 Tiime et power. This topology will be a suitable candidate for
o » 1 future trends with significant merits such as reduced
3%——:5 e switching losses, high power and better efficiency.
(©) Time(sec)« "
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