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This paper proposes a new ZCS non-isolated bidirectional converter for energy storage systems
in DC Traction vehicles. The conventional hard-switched non-isolated bidirectional converter is
additionally assisted with an auxiliary resonant cell, which is implemented with auxiliary
IGBTs, resonant inductor and capacitor will provide the zero current switching, while the main
IGBT commutates. This paper mainly deals with the design analysis, simulation and
experimental investigations of the proposed converter are provided to prove the soft-switching
capability and its overall performance. The 100-200V/2kW laboratory prototype has been
implemented and tested to verify the theoretical assumptions and simulation results.
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1. Introduction
The bidirectional DC-DC converters found a large application area in the electric
vehicles utilizing various power source or energy storage systems which include renewable
energy sources like fuel cells, super capacitors and photovoltaics. Efficiency and turnon/off switching losses of the converter plays major role in these different applications.
There are many methods [1-2] actually improving the efficiency. They often employ the
soft-turn-on at zero voltage and soft-turn-off at zero current. The described single stage
converter [3] can handle both supercapacitor and the battery in the vehicle and achieves
zero voltage switching (ZVS) operation through discontinuous current mode. Bidirectional
cascaded converter [4] with a improved modulation technique utilized to accomplish ZVS
of the IGBTs with documented efficiency increase. A Bidirectional converter (BDC) [5]
based on auxiliary resonant commutated pole achieved the effective improvement of the
efficiency. But the efficiency may decrease further high switching frequencies. A BDC [6]
implemented with auxiliary circuits to obtain zero voltage switching turn-on of the main
converter IGBTs and zero current turn-off transition for auxiliary IGBTs. A zero voltage
switching converters [7-9] with additional coupled inductors and auxiliary switches are
used in soft-switching operation. Then researchers focused on without additional switches
to a non-isolated bidirectional converter [10] has been implemented with coupled inductor
and additional snubber capacitors are used to achieve ZVS operation. However, that
converter has high efficiency when it is operated at very low output power. Similarly, by
using a dual coupled inductor for a high step-up/step-down converter [11] has introduced to
realize zero voltage switching turn-on operation, obtained 95% efficiency at 1 kW output
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power. A bidirectional converter [12] with additional auxiliary switching devices and
resonant elements are used to attain the ZVS turn-on to the IGBTs and thus that converter
has reduced turn-on losses and increased turn-off losses. Another bidirectional converter
[13] developed for low power application with the additional circuit, which includes
MOSFETs, inductors and capacitors are used to achieve the soft-turn-on operation. They
obtained ZVS turn-on to the main MOSFETs. However, that converter operated at 1kW
output power, it cannot be operated for high power applications. Another ZVZCS
bidirectional converter [14] is intended specifically for HEVs with low power with low
efficiency. A fully soft-switched bidirectional converter [15] with ZVT/ZCT operations
achieved 95% efficiency for both boost and buck modes, respectively.
In recent trends, research is also focused on high voltage gain converter [16] has been
implemented with a coupled inductor and additional active clamp circuits are used to attain
zero voltage switching operation. Another high gain bidirectional converter [17] with an
additional auxiliary resonant circuit used to obtain soft turn-off i.e zero current switching.
They achieved high efficiency operated at very low output power.

Fig. 1 –Proposed Bidirectional Buck-Boost DC-DC Converter

The major attention of this article is to design a new high efficient soft-switched BDC. A
hard-switched bidirectional converter with dual soft-switched cell has been proposed to
achieve the soft turn-on and turn-off operations of the switching devices (IGBTs) at zero
current, The proposed zero current switching bidirectional converter (ZCS-BDC) targeted
for high power applications. The major advantages of this converter are reduced turn on/off
losses and improved efficacy respectively. The proposed ZCS bidirectional buck-boost
converters can be applicable in Energy storage systems, Hybrid electric vehicles (HEV)
based on super capacitors/battery.
This paper proposed soft-switched two quadrant buck-boost bidirectional converter with
additional auxiliary components. Auxiliary components may increase the component count
but it will improve efficiency over other suggested topologies. The operation of the
proposed ZCS bidirectional buck-boost converter is described in the following section.
Section 3 provides the simulation results of the proposed converter. Experimental results
are presented in section 4.
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2. Description and Operation Principles of Proposed Bidirectional Converter
The schematic of the proposed converter is shown in Fig.1. It is a hard-switched BDC
adopted with additional soft-switched cell. The main converter is comprised of IGBTs S1, S2
and coil L1. Auxiliary circuit consists of two auxiliary switches Sa, Sb two resonant
capacitors Ca, Cb and one resonant inductor La. The soft-switched cell was introduced to
hard-switched converter in order to achieve zero current turn-off operation of the IGBTs
(S1,S2). The proposed converter represented in Fig.1 can operate buck and boost modes, the
three stages of boost mode operation are discussed by the assist of principal waveforms
depicted in Fig.2. The equivalent circuits of boost mode are illustrated in Fig.3. Fig.4
represents the equivalent circuits of buck mode operation.

Fig. 2 –Key waveform boost(buck)modes

2.1. Operation of Boost mode
Stage (t0-t1): at t0, the main switch (S2) is gated, allowing the resonant current to flow
smoothly and at the same time there is a reverse current flowing through the anti-parallel
diode of auxiliary IGBT (Sb).
C
(1)
iS1 (t ) = I d + VO b sin ωa (t − t1 )
La
Where ω a =

1
La C b

iS 1 (t ) = I d + V O

Cb
sin ω a ( t − t1 )
La

(2)
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Where ω =
a

1
LaC b

i Sb ( t ) = −V O

Cb
sin ω a ( t − t 1 )
La

(3)

VCr = V o cos ω a (t − t 1 )

(4)

(a) Stage (t0-t1)

(b) Stage(t1-t2)

(c) Stage (t2-t3)

(d) Stage (t3-t4)

Stage (t1-t2): The auxiliary IGBT Sb is turned-on to attain turn-off of the IGBT’s S2 at
zero current. The S2 current starts to decrease linearly to zero due to resonance by the
(e) Stage (t4-t5)
inductor (La) and capacitorFigure
(Cb).3.At(a,b,c,d,e)
time t2Operating
, the current
S2 becomes
zero and turn-off
Stages of
: Boost
mode.

636

J. Electrical Systems 13-4 (2017): 633-645

operation at zero current is achieved. The currents of the IGBT’s S2 and auxiliary IGBTs
are defined as below:

i S 1 (t ) = I d −
i Sb (t ) =

VCr
sin (ω a t − t 2 )
Z

(5)

VCr
sin (ω a t − t 2 )
Z

Where characteristic impedance is defined as Z =

(6)
La
Cb

Stage (t2-t3): At t2, reverse current flows through the diode of S2, due to the resonance of
La and Cb. La and Sb currents raise to the level of output current and the capacitor (Cb) is
discharged to zero and again charges towards output voltage level. At t3, the current
flowing through the body diode of S2 becomes zero from negative and Cb is charged to Vdc.
The obtained resonant capacitor voltage is equated as;
(7)
v Cr (t ) = −Vo cos ω (t − t 2 )
Stage (t3-t4): From t3, the gate signal for S2 is stopped, the energy in input inductor L is
released and the input voltage is boosted for the output voltage level. At time t4, Sb is
turned-off.
Stage (t4-t5): At t4, the body diode of S2 stops conducting, the output power is transferred
via the inductor L and body diode of S1. At t5, Sb is turned-off and capacitor (Cb) voltage is
reached to Vo. The voltage expression of the capacitor Cb is written as follows.
v Cb ( t ) = V O cos ω a ( t − t1 )

(8)

2.2. Operation of Buck mode
Stage (t0-t1): At time t0 the IGBT S1 is turned on and power is transferred to the load
through the main switch S1 and the input inductor L.
Stage (t1-t2): At t1, the IGBT’s Sa is turned-on to achieve turn-off of S1 at zero current
and then S1 current linearly decreases to zero. At t2, the inductor La and the capacitor Ca
start resonating, then the soft-switching condition is achieved for S1.
Stage (t2-t3): Beginning of this time interval, the IGBT’s Sa is conducting, the antiparallel diode of S1 gives the path for resonant current. La and Sa currents are reaching to
the output current level. The voltage across the Ca is getting discharged to zero and again
starts charging to the input voltage level.
Stage (t3-t4): At t3, the gate signal to S1 is stopped; the anti-parallel diode of S1 creates the
path for resonant current. There is no output current delivered to the load during this stage.
Stage (t4-t5): At t4, the switches S1 and Sa are turned-off, there is no power transferred to
the output and input capacitor is in charging state.
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(a)

Stage (t0-t1)

(c) Stage (t2-t3)

(b) Stage (t1-t2) & Stage (t2-t3)

(d) Stage (t3-t4)

(e) Stage (t4-t5)
Figure 4. (a,b,c,d,e) Operating Stages : Buck mode.

3. Design Analysis

The ZCS turn-off of the main switches S1 or S2 were influenced by the load resistance
and impedance of the resonant network. The condition for the ZCS turn-on and turn-off
operation to the main switches are given by (9):

VCrn ≥ M L .
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ML =

La
Cb

Z
=
RO
RO

(10)

Where ML represents the ratio of the impedance of the resonant network to the load
resistance.

D=

TON T + Ta
=
TS
TS

(11)

Where, D is the duty cycle that is defined as the ratio of on time of switches (main and
auxiliary) to the switching period (Ts) and Ta is the time of turn-on auxiliary switch. To
achieve zero current turn-off operation, the duty cycle of the main switches is in the range
of 0 < D < 0.5 for M L < 0.5 and the voltage of the Cr is >100V. The values of resonant
inductor and capacitor values are remain same for ML is less than 0.25, 0.16, and 0.1. The
soft-switching range increases as ML decreases.
4. Simulation and Experimental Evaluations of Proposed Converter

To verify the above analysis, the proposed ZCS bidirectional buck-boost converter is
simulated using Matlab-PLECS software. The parameters are considered for the
simulations are shown in Table. 1. The obtained simulation results confirm that the softswitching operations (ZCS turn on /off) are achieved. The simulations are performed ZCS
turn on and ZCS turn off operation separately by utilizing the same auxiliary resonant
components. The proposed converter has a drawbacks are component count is increased
and turn off voltage spikes across the auxiliary switches. The draw back in ZCS turn off
operation there are turn off voltage/current spikes across the switches. ZCS turn on do not
have any voltage/current spikes when the main switch turned on.
Fig.5(a,b) shows the voltage and current waveforms of S2, Sb and (c) & (d) shows
resonant inductor current and capacitor voltage in boost mode of ZCS turn-on operation
and Fig.6(a,b) illustrates the voltage and current waveforms of S2, Sb and (c) & (d) shows
resonant inductor current and capacitor voltage in boost mode of ZCS turn-off operation.
To verify the operation principles and performances of the proposed converter, the 2 kW
prototype for 200 V energy storage system is implemented. The design specifications of the
prototype circuit parameters and components are chosen as shown in Table 1.
Fig.7(a.b) shows the collector-emitter voltage, currents of S2 and Sb switches in boost
mode, when the auxiliary edge resonant cell operated in ZCS turn off and Fig.8(a,b) depicts
the collector-emitter voltage, currents of the main and auxiliary switches, the auxiliary cell
operated in ZCS turn on conditions.
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Fig. 5 –Measured waverforms (a)Collector-emitter volage and
currents of the main switch S1(b) Collector-emitter volage and
currents of the main switch Sb : ZCS Turn-on (c) Resonant
inductor current(La) (d) Resonant capacitor voltage(Cb): ZCS
Turn-on.

Fig. 6 – Measured waverforms (a)Collector-emitter volage and
currents of the main switch S1(b) Collector-emitter volage and
currents of the main switch Sb : ZCS Turn-on (c) Resonant
inductor current(La) (d) Resonant capacitor voltage(Cb): ZCS
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Table 1. Components and Parameters (Simulation &Experimental).
Parameters

Symbol

Value

Source Voltage

Vin

100V

Output Voltage

Vo

200V

Output Power

Po

1-2 kW

Operation Frequency

fsw

30kHz

Input inductors

L

100µH

Resonant Inductors

La

0.2µH

Ca and Cb

2µF

Output Capacitor

Co

470µF

Main Switches

S1-2

IKW40H1203

Auxiliary Switches

Sa-b

IKW40H1203

(Ferrite Core-E70, Airgap:5mm)
Resonant Capacitors

Fig. 7 –Measured waverforms (a)Collector-emitter volage and
currents of the main switch S1(b) Collector-emitter volage and
currents of the main switch Sb : ZCS Turn-off.
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Fig. 8 –Measured waverforms (a)Collector-emitter volage and
currents of the main switch S1(b) Collector-emitter volage and
currents of the main switch Sb : ZCS Turn-on.

Fig.9 (a, b) illustrates the current waveforms of resonant inductor (Lb) when converter
operated under ZCS turn-on and ZCS turn-off conditions. Resonant capacitor (Cb) voltages
are depicted in Fig.10 (a,b) for ZCS turn on and ZCS turn-off operations. The proposed
converter has been verified on a labortatory prototype of 2 kW for 200V system. The obtained
results confirm that the soft-switching operation ZCS turn on/off are achieved. In addition to
that the efficiency comparison between boost mode and buck mode for both operations (ZCS
on and ZCS off) the proposed converter is verified. The obtained results are coinciding with
the simulation results. The efficiency of the proposed converter at 2 kW output power level
94.5% for boost mode when the auxiliary edge resonant cell operated as ZCS turn on
technique. The efficiency of converter 95% obtained for boost mode, when the auxiliary edge
resonant cell operated as ZCS turn off technique.
Similarly the tests were conducted for buck mode the efficiency of the converter 94%
using ZCS turn on technique and 95.2% achieved for buck mode with ZCS turn off technique
at maximum output power level 2 kW. The comparison of efficiency analysis of proposed
converter with existed soft-switched bidirectional DC-DC converters presented in Table 2.
It is observed that the proposed converter obtained higher efficiency than the previous
soft-switched BDCs, which are operated below 2 kW. Efficiency calculations of this
converter are measured by the ratio of output power to the input power.The proposed
converter has maximum efficiency is about 94.5% in boost mode and 95% in buck mode.
Table 2 illustrates the comparative analysis between various soft-switched topologies,
the proposed converter have better efficiency at higher power levels from 1 kW to 2
kW,where as the existed soft-switched non-isolated bidirectional converters operated at low
power and also have poor efficiency. This proposed topology is more efficient at high
power applications as compare with the previous soft-switching versions.
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Fig. 9 –Measured waverforms (a)Resonant inductor current (La):
ZCS Turn-off (b) (a)Resonant inductor current (La): ZCS Turn-on.

Fig. 10 –Measured waverforms (a)Resonant capacitor
voltage(Cb) : ZCS turn-off (b) Resonant capacitor voltage(Cb) :
ZCS turn-on.
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Table 2. Efficiency comparison between proposed and existed topologies
Topology

Output Power(W)

Efficiency

Topology[8]
Topology [11]
Topology[14]

240
1000
96

95%
95%
95%

Topology[15]

300

92%

Presented Topology

2000

95%

5. Conclusions
This article proposes a new ZCS bidirectional buck-boost converter for energy storage
systems. The proposed ZCS turn on and turn off operations are achieved, by adopting
auxiliary edge resonant cells to the conventional bidirectional buck-boost converter. This
paper describes the operation principles and theoretical analysis validated by the experimental
results. It was found that the proposed converter can be operated either as turn-on or turn-off
at zero current conditions to the IGBTs of the converter. The proposed concept is applicable
for hybrid electric vehicles and energy storage systems with improved efficiency. The
efficiencies of the proposed converter were obtained as 94.5% for the boost mode and 95.2%
for the buck mode at maximum output power levels. The overall converter efficiency has
been improved from the existing topologies. This converter can be applied for the high and
low power applications with improved efficiency with reduced switching losses.
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