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Abstract – A nonisolated two-phase bidirectional dc-dc converter (NTPBDC) is a very attractive 
solution for the battery energy storage system (BESS) applications due to the high voltage conversion 
ratio and the reduced conduction loss of the switching devices. However, a hard-switching based 
NTPBDC decreases the overall voltage conversion efficiency. To overcome this problem, this paper 
proposes a novel NTPBDC with zero-voltage-transition (NTPBDC -ZVT). The soft-switching for the 
boost and buck main switches is achieved by using a resonant cell, which consists of a single resonant 
inductor and four auxiliary switches. Furthermore, due to the single resonant inductor, the proposed 
NTPBDC-ZVT has the advantages of simple implementation, reduced size, and low cost. The validity 
of the proposed NTPBDC-ZVT is verified through experimental results. 
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1. Introduction 
 
In recent years, the global energy crisis has been 

intensified by the rapidly growing economy and the 
resulting great demand for energy. Renewable energy 
systems, such as photovoltaic (PV) and wind energy, are 
currently considered to be promising solutions to this 
problem, so they are widely used and studied all over the 
world. However, since PV and wind power intrinsically 
vary with time, weather, and environment, it is difficult to 
achieve sufficient and predictable power from renewable 
power sources [1-3]. Energy storage systems (ESSs) are 
typically used to solve these problems of PV and wind 
power. ESSs provide significant enhancements of power 
quality, stability, and reliability to the grid [4]. Among 
ESSs, the battery energy storage system (BESS), with the 
advantages of high energy density, long lifespan, and low 
initial cost, is one of the most widely used [5, 6].  

In a BESS, series-connected battery strings (SCBSs) are 
generally used to achieve the high power requirements. 
However, since each battery cell connected in series has 
different chemical and electrical characteristics, imbalances 
among battery cells are generated by repeated charge and 
discharge processes. Such imbalanced battery states severely 
decrease the energy storage capacity and battery lifetime 
[7-9]. To minimize these problems, the SCBSs should not 
be too long. For this reason, voltage levels of the SCBSs 
are typically much lower than the dc-bus voltage. Although 
parallel-connected battery strings (PCBSs) alleviate these 
problems of the SCBSs, the voltage levels of the PCBSs 

are also much lower than the dc-bus voltage [10, 11]. 
Therefore, bidirectional dc-dc converters (BDCs) with high 
conversion ratio are required for charging and discharging 
the battery strings.  

Numerous BDCs have been developed, which can be 
categorized as isolated and nonisolated types. Isolated 
bidirectional dc-dc converters (IBDCs), which include half-
bridge [12-14] and full-bridge types [15-18], can provide 
high step-up and step-down voltage gains by adjusting 
the turns ratio of the transformer. The isolated types are 
also used when the low and high voltage sides cannot be 
grounded simultaneously. However, IBDCs suffer from 
high voltage spikes on the switching devices due to the 
unavoidable leakage inductance of the power transformer. 
To overcome this drawback, some literatures have presented 
various methods to clamp the voltage spikes on the 
switching devices and to recycle the energy of leakage 
inductance [19-22]. 

Nonisolated bidirectional dc-dc converters (NBDCs), 
which include conventional buck/boost [23-26], three-
level [27], multilevel [28], sepic/zeta [29], switched 
capacitor [30], and coupled inductor types [31], generally 
provide simple structures and control schemes. Therefore, 
applications using the NBDCs can achieve relatively high 
efficiency, high power density, and low cost [32]. However, 
the NBDCs have several limitations and problems. The 
conventional buck/boost and three-level types cannot 
achieve high conversion ratios. The multilevel type does 
not include an inductor, but uses 12 switches. If a higher 
conversion ratio is required, more switches are needed. 
In the sepic/zeta type, the system efficiency is low because 
two power stages are combined. Although the switched 
capacitor and coupled inductor types achieve high con-
version ratios, their circuit configurations are complicated. 
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Also, for the NBDCs in [27-31], it is difficult to apply 
the multi-phase concept compared with the conventional 
buck/boost type due to a circuit complexity. Therefore, 
they are not suitable for high current applications.  

In contrast to the NBDCs in [23-31], a nonisolated 
two-phase bidirectional dc-dc converter (NTPBDC), which 
consists of a current doubler and a voltage doubler, is a 
very attractive solution for the BESS. The configuration 
and operation of the NTPBDC are simple and the NTPBDC 
provides a much higher conversion ratio without using a 
switched capacitor or coupled inductor. Since the current 
doubler divides the current into two inductor currents, the 
NTPBDC can reduce the copper loss of the inductors and 
the conduction loss of the switching devices. Furthermore, 
the inductor current ripple can be reduced by applying an 
interleaved control scheme. To minimize the filter size and 
weight, high-frequency switching operation of the NTPBDC 
is desirable. However, in the hard-switching NTPBDC, 
when the switching frequency increases, switching loss and 
electromagnetic interference (EMI) noise increase. To 
overcome these drawbacks, a soft-switching technique is 
required. 

This paper proposes a novel NTPBDC with zero-voltage- 
transition (NTPBDC-ZVT) for the BESS. To achieve zero- 
voltage-switching (ZVS) for the boost and buck main 
switches without increasing their voltage and current 
stresses, the proposed NTPBDC-ZVT utilizes a resonant 
cell, which consists of a single resonant inductor and four 
auxiliary switches. Due to the single resonant inductor, 
the proposed NTPBDC-ZVT has the advantages of 
simple implementation and reduced size. A 1kW prototype 
of the proposed NTPBDC-ZVT has been built and 
successfully tested under a full load, and the experimental 
results are provided to verify the effectiveness of the 
proposed NTPBDC-ZVT.  

 
 

2. Proposed Converter 
 

2.1 System configuration 
 
Fig. 1 shows the conventional NTPBDC. The low 

voltage side consists of two boost main switches S1 and S2, 
two inductors L1 and L2, and a capacitor CL1. The high 
voltage side includes two buck main switches S3 and S4 and 
two capacitors CH1 and CH2. Due to the series-connected 
capacitors CH1 and CH2, the high voltage side of the circuit 
is configured as a voltage doubler rectifier that obtains a 
high step-up voltage gain. 

Fig. 2 shows the proposed NTPBDC-ZVT, which 
consists of the conventional NTPBDC and a resonant cell. 
The resonant cell is comprised of a single resonant inductor 
Lr and four auxiliary switches S5, S6, S7, and S8. Since the 
resonant cell operates only during small interval across 
entire one switching period TS, low current rating devices 
can be used for the four auxiliary switches so the additional 

switching loss from that cannot be comparable with the 
reduced main switching loss obtained from ZVS. 

To simplify the analysis for boost and buck operation 
modes, CL1, CH1, and CH2 have been replaced by voltage 
sources VL, VH1, and VH2, respectively, as shown in Fig. 3, 
under the following assumptions. 

1) All main and auxiliary switches are ideal, i.e., they 
represent zero impedance while in the turn-on state and 
infinite impedance while in the turn-off state. 

2) The capacitors CS1, CS2, CS3, and CS4 are the sum of 
the parasitic capacitors of the main switches S1, S2, S3, and 
S4 and external added capacitors.  

3) The parasitic capacitors of the auxiliary switches are 
neglected.  

4) Inductors L1 and L2 have large inductance values and 
their currents are identical constants, i.e.,   IL1 = IL2. 

 
Fig. 1. Conventional NTPBDC 

 

 
Fig. 2. Proposed NTPBDC-ZVT. 

 

 
Fig. 3. Simplified circuit diagram of the proposed 

NTPBDC-ZVT 
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5) Capacitors CL1, CH1, and CH2 are large enough to 
neglect the voltage ripple and VH1 and VH2 are identical 
constants, i.e., VH1 = VH2. 

 
 

2.2 Operation mode analysis for boost state 
 
Fig. 4 shows the operating modes of the proposed 

NTPBDC-ZVT in the boost state during the half switching 
period TS /2, and Fig. 5 shows the theoretical waveforms of 

the proposed NTPBDC-ZVT in the boost state during one 
switching period TS. The steady-state operation of the 
proposed NTPBDC-ZVT in the boost state includes a total 
of 16 modes for one switching period. However, due to the 
symmetrical operation of the proposed NTPBDC-ZVT, 
only 8 leading modes in the boost state are analyzed.  

1) Mode 1 (t0 – t1): During this interval, two boost main 
switches S1 and S2 are turned on. They are identical to the 
charging mode of the basic boost converter. 

2) Mode 2 (t1 – t2): At t1, S1 is turned off and the 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Fig. 4. Operating modes of the proposed NTPBDC-ZVT in the boost state.  (a) Mode 1(t0 - t1). (b) Mode 2(t1 - t2). (c) 
Mode 3(t2 - t3). (d) Mode 4(t3 - t4). (e) Mode 5(t4 - t5). (f) Mode 6(t5 - t6). (g) Mode 7(t6 - t7). (h) Mode 8(t7 - t8) 
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capacitor CS1 is linearly charged. At the same time, 
capacitors CS3 and CS4 are linearly discharged and charged, 
respectively. 

3) Mode 3 (t2 – t3): At t2, the voltages VCE1 and VCE4 
become VH1 and VH, respectively. During this interval, the 
energy stored in inductor L1 is transferred to the load 
through the anti-parallel diode of S3 and it is identical to 
the discharging mode of the basic boost converter. The 
current of switch S2 (i.e., iS2) is then the sum of IL1 and IL2.  

4) Mode 4 (t3 – t4): At t3, the auxiliary switch S8 is turned 
on, and then resonant inductor current iLr ramps up linearly 
until it reaches IL1 at t4. At the same time, the current of the 
anti-parallel diode of S3 (i.e., iS3) decreases linearly to zero 
and it turns off softly with a zero-current-switching (ZCS) 
condition. The time interval t34 of mode 4 is given by 

 

 1
34

1 /
L

H r

It
V L

=  (1) 

 
5) Mode 5 (t4 – t5): The resonant inductor current iLr 

continues to increase due to the resonance of Lr, CS1, CS3, 
and CS4. During this interval, CS1 is discharged until the 
voltage vCE1 decreases to zero. At the same time, CS3 and 

CS4 are charged and discharged, respectively. The resonant 
time period t45 is 

 

 45 2 r rt L Cp
=  (2) 

 
where Cr = CS1 + CS3 + CS4. 

6) Mode 6 (t5 – t6): At t5, the current iS1 flows negatively 
through anti-parallel diode DS1, and the currents iS2 is more 
than the sum of IL1 and IL2 because of the added resonant 
inductor current iLr. To achieve the ZVS, the turn-on gating 
signal of S1 should be applied while the anti-parallel diode 
DS1 of S1 is conducting. The time delay TD between S8 and 
S1 gate signals must satisfy the following 
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L
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7) Mode 7 (t6 – t7): At t6, the auxiliary switch S8 is turned 

off, and then the energy stored in resonant inductor Lr is 
transferred to the load through the anti-parallel diode of S5. 
The resonant inductor current iLr decreases linearly to IL1, 
the current iS1 increases linearly to zero, and the current iS2 
decreases linearly to the sum of IL1 and IL2. 

8) Mode 8 (t7 – t8): From t7, the current iS1 flows 
positively through S1. During this interval, the resonant 
inductor current iLr decreases linearly to zero, the current 
iS1 increases linearly to IL1, and the current iS2 decreases 
linearly to IL2.  

The lagging 8 operation modes (i.e., from mode 9 to 
mode 16) are symmetric with the aforementioned modes 
(i.e., from mode 1 to mode 8). At t16, the operating mode 
changes to mode 1 in the next switching period. 

 
2.3 Operation mode analysis for buck state 

 
Fig. 6 shows the operating modes of the proposed 

NTPBDC- ZVT in the buck state during the half switching 
period TS /2, and Fig. 7 shows the theoretical waveforms of 
the proposed NTPBDC-ZVT in the buck state during one 
switching period TS. The steady-state operation of the 
proposed NTPBDC-ZVT in the buck state includes a total 
of 16 modes for one switching period. However, due to the 
symmetrical operation of the proposed NTPBDC-ZVT, 
only 8 leading modes in the buck state are analyzed. 

1) Mode 1 (t0 – t1): During this interval, two buck main 
switches S3 and S4 are turned off. They are identical to the 
discharging mode of the basic buck converter. 

2) Mode 2 (t1 – t2): At t1, the auxiliary switch S5 is turned 
on, and then resonant inductor current iLr decreases linearly 
to - IL1. At the same time, the current of the anti-parallel 
diode of S1 decreases linearly to zero (i.e., iS1 increases 
linearly to zero) and it turns off softly with the ZCS 
condition. The time interval t12 of mode 2 is identical to (1).  

3) Mode 3 (t2 – t3): At t2, the current iS2 is the sum of - IL1 
and - IL2, and then the resonant inductor current iLr 
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Fig. 5. Theoretical waveforms of the proposed NTPBDC-

ZVT in the boost state 



Chang-Soon Lim and Kui-Jun Lee 

 http://www.jeet.or.kr │ 2241

continues to decrease due to the resonance of Lr, CS1, CS3, 
and CS4. During this interval, CS1 is charged until the 
voltage vCE1 increases to VH1. At the same time, CS3 and CS4 
are discharged and charged, respectively. The resonant time 
period t23 is identical to (2). 

4) Mode 4 (t3 – t4): At t3, the current iS3 flows positively 
through anti-parallel diode DS3 of S3. To achieve the ZVS, 
the turn-on gating signal of S3 should be applied while the 
anti-parallel diode DS3 of S3 is conducting. The time delay 
TD between the S5 and S3 gate signals is identical to (3). 

Before S5 is turned off (i.e., before starting mode 5), the 
turn-on gating signal of S7 should be applied. Therefore, 
although S5 is turned off, the resonant inductor current iLr 
can flow continuously.  

5) Mode 5 (t4 – t5): At t4, S5 is turned off, and then the 
energy stored in resonant inductor Lr is transferred to the 
VH1 through S7 and the anti-parallel diode of S8. The 
resonant inductor current iLr increases linearly to - IL1, and 
the current iS3 decreases linearly to zero. 

6) Mode 6 (t5 – t6): From t5, the current iS3 flows 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Fig. 6. Operating modes of the proposed NTPBDC-ZVT in the buck state.  (a) Mode 1(t0 - t1). (b) Mode 2(t1 - t2). (c) Mode 
3(t2 - t3). (d) Mode 4(t3 - t4). (e) Mode 5(t4 - t5). (f) Mode 6(t5 - t6). (g) Mode 7(t6 - t7). (h) Mode 8(t7 - t8) 
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negatively through S3, and then the energy stored in 
resonant inductor Lr is transferred to the load through S7 
and the anti-parallel diode of S8. During this interval, the 
resonant inductor current iLr increases linearly to zero, and 
the current iS3 decreases linearly to - IL1.  

7) Mode 7 (t6 – t7): At t6, the current iS3 becomes - IL1, 
and it is identical to the charging mode of the basic buck 
converter. Since the resonant inductor current iLr becomes 
zero, the turn-off gating signal of S7 should be applied. 

8) Mode 8 (t7 – t8): At t7, S3 is turned off and the 
capacitor CS3 is linearly charged. At the same time, both 
capacitors CS1 and CS4 are linearly discharged. 

As the boost operation, the lagging 8 operation modes 
(i.e., from mode 9 to mode 16) are symmetric with the 
aforementioned modes (i.e., from mode 1 to mode 8). At t16, 
the operating mode changes to mode 1 in the next 
switching period. 

 
2.4 Duty ratio and voltage conversion ratio 

 
The NTPBDC-ZVT has different operating ranges of the 

duty ratio, depending on the state. In the boost state, the 
two boost main switches S1 and S2 should not be turned off 

simultaneously. When both S1 and S2 are turned off, the 
current paths of the two inductors L1 and L2 are not 
provided, and then high voltage spikes appear at the 
terminals of the inductors. Such high voltage spikes would 
cause the two boost main switches to be permanently 
damaged. To avoid these problems, the duty ratio D12 for 
the two boost main switches should be above a 0.5 duty 
ratio. The NTPBDC-ZVT can obtain double the high-side 
voltage of the basic boost converter. Therefore, the voltage 
conversion ratio in the boost state should be 

 

 
12

2 4
1

H

L

V
V D

= >
-

 (4) 

 
In the buck state, the two buck main switches S3 and S4 

should not be turned on simultaneously. If both S3 and S4 
were turned on, a short circuit would occur and destroy the 
switching devices. To avoid a short circuit, the duty ratio 
D34 for the two buck main switches should be under a 0.5 
duty ratio. The NTPBDC-ZVT can obtain half the low-side 
voltage of the basic buck converter. Therefore, the voltage 
conversion ratio in the buck state should be 

 

 34 0.25
2

L

H

DV
V

= <  (5) 

 
2.5 Design guide of resonant components Lr and Cr 

 
1) Resonant Inductor Lr : The resonant inductor Lr 

affects the reverse-recovery phenomenon of the anti-
parallel diodes of the four main switches (S1, S2, S3, and S4). 
So, to minimize the reverse- recovery effects and to 
achieve the ZCS turn-off of those anti-parallel diodes, the 
resonant inductor value should be selected relevantly. In 
this paper, the rising time of iLr from 0 to IL1 or IL2 is 
chosen to be twice the reverse-recovery time trr of those 
anti-parallel diodes, and the resonant inductance is 
obtained as follows from (1) 

 

 1

_ min

2 rr H
r

L

t VL
I

=  (6) 

 
where IL_min is the minimum value of the inductor current. 

 
2) Resonant Capacitor Cr : The resonant capacitor Cr is 

selected based on the maximum resonant current ILr_peak by 
 

 1
_ 1 ,     .C r

Lr peak L r
r r

V LI I Z
Z C

= + =  (7) 

 
If the resonant capacitor becomes large, it has advantage 

of limiting the dv/dt of the four main switches (S1, S2, S3, 
and S4) at turn-off. However, a large capacitor can increase 
the current ILr_peak and the related conduction losses so it 

 
Fig. 7. Theoretical waveforms of the proposed NTPBDC-

ZVT in the buck state 
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should be appropriately restricted. In this paper, the current 
ILr_peak is limited to 1.2 times the IL1, and the resonant 
capacitance is given by 

 

 ( )2

_ 1
2
1

.r Lr peak L
r

C

L I I
C

V
-

=  (8) 

 
 

3. Experimental Results 
 
To verify the theoretical operation and evaluate the 

performance, a 1kW prototype of the proposed NTPBDC-
ZVT was built and tested. Fig. 8 shows a schematic 
diagram of the 1kW NTPBDC-ZVT, and Fig. 9 shows a 
photograph of the experimental prototype. IKW30N60H3 
(VCE = 600V, IC = 30A, VCEsat@25°C = 1.95V) IGBTs from 
Infineon were used for the boost main switches (S1 and S2) 
and buck main switches (S3 and S4). To obtain the desired 
inductance of inductors L1 and L2, each inductor consisted 
of the magnetic powder core (Chang Sung, CM571060) 
and 66 turns of magnet wire. To construct the resonant cell, 
IRGB4056DPbF (VCE = 600V, IC = 12A, VCEsat @25°C = 
1.55V) IGBTs from International Rectifier were used for 
the auxiliary switches S5, S6, S7, and S8, and the single 
resonant inductor Lr consisted of a magnetic powder core 
(Chang Sung, CM400026) and 15 turns of magnet wire. An 
additional RCD snubber circuit connected across the boost 
main switches was used to prevent voltage stress at turn-off. 

The other experimental conditions are summarized in 
Table 1. Fig. 10 shows the steady-state waveforms of the 
low-side voltage VL, high-side voltage VH, and inductor 
currents iL1 and iL2 at 100% load; Fig. 10(a) shows the 
boost state, and Fig. 10(b) shows the buck state. The two-
phase interleaved inductor currents in the boost and buck 
states have positive values (average current: 8A) and 
negative values (average current: -8A), respectively. Fig. 
11 shows the ZVS waveforms of the gate-to-emitter 
voltage vGE1 of the boost main switch S1, the resonant 
inductor current iLr, and the collector-to-emitter voltage 
vCE1 of S1 at 100% load in the boost state. The waveforms 
of Fig. 11(b) are magnifications of the original waveforms 
of Fig. 11(a). The gate-to-emitter voltage vGE1 apparently 
turns on at a clear zero-voltage condition. Fig. 12 shows 
the ZVS waveforms of the gate-to-emitter voltage  vGE3  of  

 

Fig. 8. Schematic diagram of the 1kW NTPBDC-ZVT 
 

 

Fig. 9. Photograph of the experimental prototype 
 

Table 1. Experimental conditions 

Parameters Value 
Output Power (PO) 1 kW 

Low-side Voltage (VL) 70 V 
High-side Voltage (VH) 380 V 

Switching Frequency (fS) 40 kHz 
Inductors (L1, L2) 500 uH 

Resonant Inductor (Lr) 20 uH 
Capacitors (CL1, CH1, CH2) 470 uF 

Resonant Capacitors 
(CS1, CS2, CS3, CS4) 

4.7 nF 

 

 
(a) 

 
(b) 

Fig. 10. Experimental results of the proposed NTPBDC-
ZVT: (a) Waveforms in the boost state; (b) 
Waveforms in the buck state 
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the buck main switch S3, the resonant inductor current iLr, 
and the collector-to-emitter voltage vCE3 of S3 at 100% load 
in the buck state. The waveforms of Fig. 12(b) are 
magnifications of the original waveforms of Fig. 12(a). The 
gate-to-emitter voltage vGE3 apparently turns on at a clear 
zero-voltage condition. Fig. 13 shows the experimental 
efficiency measurement of the two switching techniques, 
hard-switching and soft-switching, under load variation in 
the boost and buck states. It can be seen that the soft-
switching technique significantly improves the overall 
system efficiency in both the boost state and the buck state. 
Specifically, the efficiency improvement at light load 
condition is remarkable because the switching loss is 
dominant compared to the conduction loss. 

 
 

4. Conclusions 
 
In this paper, a novel NTPBDC-ZVT was proposed to 

satisfy high efficiency voltage conversion for BESS 
applications. Since soft-switching for both the boost and 
buck main switches is achieved by using a resonant cell, 
switching losses are reduced. Furthermore, the proposed 
NTPBDC-ZVT has the advantages of simple implementation 

 
(a) 

 
(b) 

Fig. 11. Experimental results of the proposed NTPBDC-
ZVT in the boost state: (a) Original ZVS 
waveforms; (b) Magnified ZVS waveforms of (a) 

 

 
(a) 

 
(b) 

Fig. 12. Experimental results of the proposed NTPBDC-
ZVT in the buck state. (a) Original ZVS 
waveforms. (b) Magnified ZVS waveforms of (a) 

 
(a) 

 
(b) 

Fig. 13. Measured efficiency of the two switching 
techniques under load variation: (a) Boost state; 
(b) Buck state 
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and reduced size due to the single resonant inductor. The 
steady-state analysis of the proposed NTPBDC-ZVT was 
discussed in detail and a 1kW prototype was built and 
tested in the laboratory. Experimental results demonstrate 
that the proposed NTPBDC-ZVT is an excellent candidate 
for use in BESS applications. 
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