International Journal of Applied Power Engineering (IJAPE)
Vol. 13, No. 4, December 2024, pp. 825~834
ISSN: 2252-8792, DOI: 10.11591/ijape.v13.i4.pp825-834 a 825

Evaluating a novel bidirectional soft-switching DC-DC
converter for electric vehicles

Prasannakumar Inampudi’, P. Chandrasekar?, T. Vijay Muni?
!Department of Electrical and Electronics Engineering, Vel Tech Rangarajan Dr. Sagunthala R&D Institute of Science and Technology,
Chennai, India
2Department of Electrical and Electronics Engineering, Koneru Lakshmaiah Education Foundation, Vaddeswaram, India

Avrticle Info ABSTRACT

Article history: This research aims to build unique zero voltage transition (ZVT) non-
. isolated bidirectional DC-DC converters for hybrid electric vehicle battery

Received Oct 3, 2023 storage. First, a high-voltage gain bidirectional converter (BDC) is

Revised Mar 26, 2024 examined. This converter can soft-switch insulated gate bipolar transistors

Accepted Apr 26, 2024 (IGBTs). The primary insulated-gate bipolar transistors (IGBTs) are

operated under zero-current conditions throughout the turn-on to turn-off
commutation phase to reduce switching losses and increase efficiency.
Keywords: A soft-switched cell with a resonant inductor, capacitor, and additional

IGBTSs achieves zero-current turn-off. A new converter uses insulated-gate
DC-DC converter bipolar transistors with zero-voltage transition operation. Soft-switched cells

High gain improve the hard-switched bridgeless DC-DC converter (BDC). Resonant
MPPT inductors, capacitors, and auxiliary switching devices make up the soft-
PWM switched cell. Soft-switched cells enable zero voltage turn-on of primary
Solar PV system insulated-gate bipolar transistors. This converter charges the battery in buck
Zeta converter mode and boosts it to provide the necessary output voltage. This study

examined a 70 V/300 V power system's high-gain bidirectional converter
(BDC) design simulation. The converter was tested at 50 kHz with 800 W
output power. The high-gain soft-switched BDC has 96.5% boost and 97%
buck efficiency. Operating principles, design analysis, and simulation
assessments are included in this study.

This is an open access article under the CC BY-SA license.

©00

Corresponding Author:

Prasannakumar Inampudi

Department of Electrical and Electronics Engineering

Vel Tech Rangarajan Dr. Sagunthala R&D Institute of Science and Technology
Chennai, Tamil Nadu 600062, India

Email: iprasannakumar.phd@gmail.com

1. INTRODUCTION

The usage of DC-DC converters is greatly improving battery storage applications. The easiest way
to choose an efficient converter for industrial applications is to develop topologies that take factors like
efficiency and switching power losses into account. These variables will increase the performance of the
converters. These are also the features that will make these converters work better. The use of soft-switched
bidirectional converters in battery storage devices (such fuel cells and supercapacitors) is the primary focus
of ongoing research in this area. A zero-voltage transition for a DC-DC boost converter has been the focus of
prior research on auxiliary resonant switches [1]. Using linked inductors, self-commutation, and an auxiliary
cell, the soft-switched bidirectional converters [1]-[6] were constructed. Battery chargers that are engineered
to run with very low output power levels while preserving a high degree of efficiency are ideal for use with
these soft-switched bidirectional converters [7]-[12]. The zero current switching activity of the switches is
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likewise the center of attention in this work, similar to how zero voltage transition (ZVT) is. With the help of
supplementary resonant cells [13] and a high voltage gain zero voltage switching isolated DC-DC converter
[14], these switches were developed for use in battery storage applications. The soft-switching was also made
possible by the inclusion of an additional snubber capacitor and leakage inductance in the main power supply
insulated-gate bipolar transistors (IGBTs). Within the context of energy storage system applications in
electric vehicles, this chapter presents a new ZVT bidirectional DC-DC converter as a practical solution. This
application's background is described in the preceding phrase.

Research that followed focused on creating compact, inexpensive, and non-isolated converters for
backup battery systems. In order to facilitate soft switching operations at the switching devices and diodes of
non-isolated, high-voltage-gain boost converters, a passive resonant circuit was included into their
design [15]-[18]. Maintaining a resonance frequency lower than the working frequency allowed them to
accomplish soft-commutation zero-voltage transitions (ZVTs) in both diodes and MOSFETSs. For the
secondary power supply systems of electric cars, the group shifted its attention to developing non-isolated
bidirectional DC-DC converters [19]. These converters rely on basic series resonant components to enable
zero-voltage switching (ZVS) turn-on of the primary switching devices. The use of a voltage multiplier cell
and a parallel resonant circuit inductor-capacitor (LCC) allowed for the construction of non-isolated high-
gain boost converters [20]. They used zero-voltage (ZV) action to turn on the diodes and zero-current (ZC)
action to turn on the main switches. Despite the fact that very low power and a very high switching
frequency (150 kHz) produced very poor efficiency. Nonetheless, a current-fed unidirectional converter was
developed without voltage multiplier cells [21], [22]. This converter achieved an efficiency of 95.5% at
operating frequencies greater than 100 kHz and had ZC turn-off operations for its switches. Zhang and
Chau [16] state that in soft-switching situations, several non-isolated type converter topologies are
applicable. Engineers at MIT developed a voltage-free passive lossless bidirectional converter (BDC) [23] to
enable electromechanical braking systems in electric cars without internal combustion engines. Reducing the
input voltage (Vin), input power, and switching frequency is not given much attention [24]-[26]. On the other
hand, at very low output power levels, it has achieved an efficiency of around 94%.

The suggested converter is capable of operating in either a boost or buck mode depending on the
situation. This work proposes using a novel kind of converter that is not isolated from the rest of the circuit in
order to bring about the desired transition of zero voltage to the primary switches. This converter would make
use of resonant components and operate in concert with active auxiliary devices. The key advantages
that this converter may provide are an increased level of efficiency as well as a reduction in the amount of
turn-on losses.

2. DESCRIPTION OF PROPOSED BIDIRECTIONAL DC-DC CONVERTER

The schematic diagram represents a bidirectional DC-DC converter as shown in Figure 1. In this
configuration, the primary switches S1 and S2 can independently transfer power in both directions, enabling
the converter to operate in either boost or buck mode. Additionally, components like inductors L1 and L2
capacitors C1, C2, and C3 and the input voltage sources V1 and V2 are integrated into the circuit to facilitate
energy transfer and regulate voltage levels across the system. Switches Sa and Sb play a role in controlling
the current path, ensuring efficient power conversion and management within the circuit.
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Figure 1. Proposed new ZVT bidirectional DC-DC converter
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The key waveforms of the

proposed converter were shown in Figure 2. The operating concept was

explained with the use of representations of current flow that were shown in Figure 3 for the boost mode, and

Figure 4 illustrated the schematics
process of the primary active device
the secondary active devices.

for the buck mode. Reduced power consumption during the turn-on
s, as well as reduced power consumption during the switching process of
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Figure 2. Key waveforms: boost and buck modes

3.
3.1. Boost mode operation

PRINCIPLES OF OPERATION AND ITS ANALYSIS

Figure 2 depicts the usual voltage and current waveforms for the length of one switching cycle

(from t0 to t6) and demonstrates ho

w the corresponding current flow models of the boost mode are depicted

in the figure. This converter may function in a total of six different topological modes, which are shown from
atodin Figure 3, and are broken down into the following categories.

Mode 1: IGBT S2 is switched on at time tO in order to ensure zero voltage turn-on for IGBT Sa, which

takes place later. The voltage between the collector and the emitter drops in a sinusoidal pattern as it
approaches zero; this can be seen quite clearly in Figure 3 as the main waveforms. At the conclusion of
this time period t1, the voltage has dipped to zero, and current in the opposite direction is flowing via the
anti-parallel diode of the IGBT Sa. The following equation may be used to represent the current and

voltage of an inductor with the sy

: Vo .
i2(tz) = I;n(8) + 705an (t—ty)

ch(t) = VO cos w (t - tl)

1

JL2Cs

r- B
C2

Mode 2: During the time betwe

w =

mbol L2 and a capacitor with the symbol C2:
1)
)

en t1 and t2, the auxiliary IGBT S2 and the diode of Sa are conducting.

The diode of Sa provides the current flow channel for the resonant current that is created by L2 and C2
when the freewheeling mode is active as shown in Figure 4. Current and voltage expressions for an
inductor with the symbol L2 and a capacitor with the symbol C2 are defined as:

. V-
i12(t2) = Iin Tl (t—t3)

Vea(t2) =0

©)
(4)
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Figure 3. Current flow equivalent circuit for time interval (t0-t1) - boost mode
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Figure 4. Current flow equivalent circuit for time interval (t1-t2) and for a time interval (t2-t3) - boost mode

- Mode 3: Since the diodes of the IGBT Sa and S2 have been conducted during the preceding time
intervals, the gate pulses are applied to Sa at the moment t2 when the timing sequence begins. During this
phase of freewheeling, the diode of Sa provides the channel for the resonant current to follow as shown in
Figure 4. Current and voltage expressions for an inductor with the symbol L2 and a capacitor with the
symbol Cy are defined as:

i12(8) = Ia(ts) +2cos w (t — t3) 5)
Vea (83) = =Zip5(t3) sinw (t) (6)
Ve (t) =0 @)

- Mode 4: From time point t3 until time point t4, the current that flows through the main switch Sa is equal
to the output current, while the current that flows through the auxiliary switch is zero as shown in Figure 5.
The following is the definition of the expression for the inductor L2 current:

i12(8) = I + 2 (t — t,) ®)

i2(t) = i2(ts) )

- Mode 5: From the t4 to t5 period, there is a current flow in the opposite direction via the auxiliary switch
diode, while the current is flowing normally through the main switch. While in this accumulating mode,
the input inductor Lin is allowed to build up its total value as shown in Figure 5.

- Mode 6: Because there is output current flow by the energized input inductor Lin during the period t5-t6,
all of the switching devices are switched off at this time. Throughout the duration of this powering mode,
the output power is transferred via Sh's L-body diode as shown in Figure 6.
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Figure 5. Current flow equivalent circuit for time interval (t3-t4) and for time interval (t4-t5) - boost mode
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Figure 6. Current flow equivalent circuit for time interval (t5-t6) - boost mode

3.2. Buck mode operation

As seen in Figure 2, the buck mode functioning may be broken down into six distinct topological

modes. These modes are determined by the normal voltage and current waveforms. Figures 7-10 provide
visual representations of the corresponding operating models. Whenever this mode is active, the Sb is
functioning as the power transfer switch, and the S1 has the capability of functioning as an auxiliary switch.
However, in order to prevent the main IGBT from being gated, the auxiliary switch can only be used for a
very short period of time before it becomes inoperable. The following is a description of each of the six
distinct topological modes:

Mode 1: The supplementary IGBT S1 is switched on at time tO in order to ensure gentle turn-on for the
IGBT Sb, which occurs later. The auxiliary inductor L1 and the auxiliary inductor C1 are resonating with
one another as shown in Figure 7. During this resonant phase, the voltage of the switch gradually goes
from one value to the next until it reaches zero at time t1.

Mode 2: During this freewheeling mode, at the time t1, the diode of Sb begins conducting in order to
create a free-wheeling channel in order to enable resonant tank current, which is provided by L1, C1 as
shown in Figure 8. The level of the output current is reached by the current via the resonant inductor, L1.
Mode 3: Beginning at time t2, the diode of switch S2 continues to conduct, while gating signals are also
being applied to switch S1 at the same time. When this time period t2 has passed, the diode of Sa will
have been switched off, but the output current level will have been maintained by the inductor current as
shown in Figure 8.

Mode 4: At time t3, the auxiliary IGBT S1 is shut off, which results in the current flowing through it
being zero. The primary IGBT Sb begins conducting, and an output power flow may be seen through the
Sb-Lin connection as shown in Figure 9. During this mode of powering, the current flowing through the
inductor L1 linearly falls until it reaches zero, and the resonant capacitor C1 is charged to the level of the
input voltage before being discharged at t4.
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- Mode 5: During this powering mode, the IGBT Sb is conducting from t4 to t5, and the diode of S1 offers
a freewheeling channel for the resonant tank current. Throughout the whole of this time, the output power
is transferred to the resistance R by way of the VV2-Sbh-L.in circuit. At time t5, both the diode of S1 and the
IGBT Sb are switched off as shown in Figure 10.

- Mode 6: From t5-t6, all the switches are turned-off. Therefore, there is no power to be delivered to the load.

Figure 7. Current flow equivalent circuit for time interval (t0-t1) - buck mode

Figure 8. Current flow equivalent circuit for time interval (t1-t2) and for time interval (t2-t3) - buck mode

Figure 9. Current flow equivalent circuit for time interval (t3-t4) - buck mode
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Figure 10. Current flow equivalent circuit for time interval (t4-t5) - buck mode

4. DESIGN ANALYSIS

The auxiliary resonant elements Ly, Cy are defined as a function of the current stress on the
auxiliary 1GBT, given by Y1 which is directly related to conduction losses, it is chosen less than the value
1.244 in this converter.

vo= 1+ ()] (10)
The total soft-commutation (ZVT) time is given by t;, .

_ linlz + m\/L,C;

tzvr = Ve 2 (11)
By solving the (9) and (10) for Ly and Cy, the following expressions can be found:
VotzvT
< 0 2VD
LZ = IO(1+TL'(Y;—1)) (12)
Viy2
C, < % (13)

In Table 1, the input and output parameters of the converter are presented for your perusal. The
value of Y1 determines which numerical solution to use for the (11) and (12), respectively. The value of Y1
is determined to be 1.244, and the time period soft-transition (ZVT) is set to 10%; the values of resonant
inductors L1, L2 are obtained as 5 H based on (11), and the values of resonant capacitors C1, C2 may be
chosen to be 10 nF based on (12). The characteristic impedance (Z) of this resonant tank was calculated to be
81.64 after taking into account the values of the resonant parts. Because the characteristic impedance of the
resonant tank has the potential to influence the voltage and current strains that are placed on the switches, its
value should be lower than 81.64 ohms. The soft transition (ZVT) time interval may be determined by
using (10), and it is around 2.8 microseconds long. This represents approximately 10% of the total switching
period, which refers to when the switch is turned on and off.

Table 1. Parameters considered for the proposed converter

Parameter Type Value
Resonant Capacitors 4nF
Resonant Inductors 25 uH
Input inductor 250 pH
Input voltage Boost mode 100 V
Input voltage Buck mode 200 V
Output Capacitor 470 puF
Switching frequency 50 kHz
Duty ratio 0.5-0.6
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5.  SIMULATION RESULTS

The suggested converter was created by making use of MATLAB Simulink, and it was
accompanied by 100 V as an input while operating in boost mode and 200 V when operating in buck mode.
This converter has been put through its paces with a switching frequency of 50 kHz while producing 1.5 kW
of output power. The voltage and currents of the Sa are shown in Figures 11(a) and 11(b), respectively, while
the currents of S2 and L2 are displayed in Figures 11(c) and 11(d), respectively. The voltage of the capacitor
C2 in boost mode is displayed in Figure 11(e). The voltage and currents of the Sb are shown in Figures 12(a)
and 12(b), respectively. The currents of the S1 and L1 are shown in Figures 12(c) and 12(d), respectively,
and Figure 12(e) displays the voltage of the capacitor C1 in buck mode. The findings that were obtained
demonstrated that the predicted theoretical assumptions were correct.
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Figure 11. Simulated results (a) voltage S2, (b) currents of S2, (c) current of S2, (d) auxiliary resonant

inductor current (L2), and (e) auxiliary resonant capacitor (C2) voltage: boost mode

e T T T T T T T T T
Enl ]
ool V. _
(@ = s1
>0 1 I I 1 ==
. 0035 0035 0035 0035 0035 00351 0.0351 00351 00351 Time(sec)
<2 T T T T T
Z w0 is1 7]
o)y E 4
© 1 L 1 1 1 1 1 1 _
0035 0035 0.035 0035 0035 0.0351 0.0351 00351 00351 Time(sec)
= 10 T T T T . T T T T T
E=1 o I5x
() E
O .0 1 1 1 1 1 1 1 1 L _
0035 0035 0035 0035 0035 00351 00351 00351 00351 Time(sec)
-~
< 5L T T T T i | T T T T 7]
]
o -
@d £
O 1 1 1 1 1 1 | 1 1
0035 0035 0035 0035 0035 00351 00351 00351 00351 Time(sec)
- T T T T T T T T T -
S 400 VCx
S 2m} -
=
e = o
S mb ! 1 1 I ] .
0035 0035 0035 0035 0035 00351 00351 00351 00351 Time(sec)

Figure 12. Simulated results (a) voltage of Sh, (b) current of Sh, (c) current of the S1, (d) auxiliary resonant
inductor current (L1), and (e) auxiliary resonant capacitor (C1) voltage: buck mode

To analyze the converter's efficiency, we apply the general function of the output power to the input
power. In boost mode at 70 V and 97% in buck mode at 300 V input voltage, this converter achieved an
efficiency of 96.5% while operating at 400 W output power. This converter worked well with a high gain and
500 W of output power. Figures 13 and 14 show the simulated and experimental results for the efficiencies of
the boost and buck modes under 800 W output power levels. Both the boost and buck modes of the converter
designs have simulation efficiencies of 97.6% and 98.5%, respectively.
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6. CONCLUSION

A new ZVT non-isolated bidirectional DC-DC converter is presented, its working principles are
described, and experimental findings are also shown in this study. To accomplish the zero-voltage transition
to the main switch, the conventional converter was improved by including auxiliary parts.
Reducing turn-off switching losses allowed the IGBTSs to achieve soft-commutation zero current switching
(ZCS). At 300 W output power, the suggested topology was 95.6% efficient in forward power transfer and
96.7% efficient in reverse power transfer, respectively, as verified by the efficiency study. Applicability to
greater-power electric cars was confirmed once the suggested converter's soft-switching capabilities were
confirmed. The given converter is well-suited for usage in DC traction vehicles and hybrid electric
automobiles' battery storage applications because to its improved efficiency, reduced switching power losses,
and reduced turn-on stresses.
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