
Bulletin of Electrical Engineering and Informatics 

Vol. 12, No. 5, October 2023, pp. 2665~2672 

ISSN: 2302-9285, DOI: 10.11591/eei.v12i5.4505  2665  

 

Journal homepage: http://beei.org 

Analysis of a novel soft switching bidirectional DC-DC 

converter for electric vehicle 
 

 

Podila Purna Chandra Rao1, Radhakrishnan Anandhakumar1, L. Shanmukha Rao2 
1Department of Electrical Engineering, Faculty of Engineering and Technology, Annamalai University, Chidambaram, India 
2Department of Electrical and Electronics Engineering, Kallam Haranadhareddy Institute of Technology, Dasaripalem, India 

 

 

Article Info  ABSTRACT 

Article history: 

Received Aug 2, 2022 

Revised Sep 30, 2022 

Accepted Jan 11, 2023 

 

 A bidirectional converter (BDC) designed with high voltage gain and it is 

incorporated with the soft-switching operations to the insulated gate bipolar 

transistors (IGBTs). The main dual operating characteristics of this converter 

are boost and buck modes respectively. In order to achieve the reduced 

switching losses and improved efficiency, the main IGBTs are operated at 

zero-current (ZC) while the IGBTs commutating from turn-on to turn-off 

state. The ZC turn-off operation is obtained with the aid of soft- switched 

cell, which consists of resonant inductor (Lr), capacitor and additional 

IGBTs. In this work, the design simulation analysis for high-gain BDC was 

performed by 70/300 V power system with the maximum 800 W output 

power under the operating frequency of 50 kHz. The efficiency for the  

high-gain soft-switched BDC was obtained as 96.5% when it is operating in 

boost mode and efficiency of 97% was achieved for the buck mode 

operation. The simulation evaluations of the above said converters were 

performed by using MATLAB/Simulink. 
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1. INTRODUCTION 

These days, power converters are in high demand due to their widespread use in emergency power 

sources like fuel cells and super capacitors. Getting electricity from low to high voltage and back again is a 

vital function of isolated bidirectional DC-DC converters in battery backup systems. To compensate for the 

wide variation in source voltage (67.5 to 35%), a transformer-less DC-DC converter [1] with a high voltage 

gain of up to 3 kV is constructed by cascading switches and capacitors (19 arrays in all) and operating them 

in hard-switching mode. Diode-capacitor circuits are one method that has been employed by several 

researchers to achieve high gain [2], [3]. Inverted dual converters [4] that transmit power in both ways may 

boost high voltage gain converter performance. SCRs switch output power between channels using 

semiconductor converters. 

Recent studies have used isolated full-bridge DC-DC converters with large voltage gains for  

high-efficiency battery storage [5]. Push-pull [6] and half bridge [7] current-fed isolated converters are  

hard-switching. Subsequently, snubber capacitors, transformer leakage inductances, and current-fed high 

voltage gain resonant full bridge converters were used to achieve zero voltage switching [8]. Passive and 

active lossless snubbers provide zero-voltage switching (ZVS) at semiconductor switches in certain  

current-fed isolated half-bridge converters [9]. This architecture performed zero current switched (ZCS)  

turn-off and ZVSturn on operations using active clamp circuits [10] and separated converters [11].  

https://creativecommons.org/licenses/by-sa/4.0/
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A hard-switching multiphase high gain, high power, non-isolated step-up converter with more phases reduces 

input current ripple [12]–[14]. 

Subsequent studies concentrated on developing small, cost-effective, and non-isolated converters for 

use in battery backup systems. A passive resonant circuit was added to the design of non-isolated,  

high-voltage-gain boost converters [15]–[18] to enable soft switching operations at the converter's switching 

devices and diodes. They achieved soft-commutation zero voltage transition (ZVT) in the MOSFETs and 

diodes by keeping the resonance frequency below their operating frequency. The team then focused on 

building non-isolated bidirectional DC-DC converters [19] for use in electric vehicles' secondary power 

supply systems; these converters use simple series resonant components to provide ZVS turn-on of their main 

switching devices. Non-isolated high gain boost converters [20] were constructed by using a parallel resonant 

circuit inductor capacitor capacitor (LCC) and an additional voltage multipliers cell. They were able to 

activate the diodes and primary switches using zero voltage (ZV) action and zero current (ZC) action, 

respectively. Although low efficiency was obtained with very low power and very high switching frequency 

(150 kHz). However, a unidirectional current fed converter [21], [22] was created without the usage of 

voltage multiplier cells; it reached 95.5% efficiency at working frequencies larger than 100 kHz and had ZC 

turn-off operations for its switches. According to Zhang and Chau [17], several non-isolated type converter 

topologies may be employed in soft-switching scenarios. To use electromechanical braking systems in 

battery-powered vehicles, researchers at MIT devised a passive lossless bidirectional converter (BDC) [23] 

that required no voltage for operation. Minimal efforts are made to reduce the input voltage (Vin), input 

power, and switching frequency [24]. However, it has reached a maximum efficiency of roughly 94% when 

used with very low output power levels. 

Based on past high gain BDC designs, hard and soft-switching variants are examined to reduce 

switching losses, boost output power, switching frequency, and efficiency. A non-isolated bidirectional  

DC-DC converter under ZC switching commutations has been proposed and constructed. This chapter shows 

a high-gain non-isolated bidirectional DC-DC converter using active and passive resonant circuits. The 

present study sought to minimise switching losses during soft-switching switches [25]. 

As seen in Figure 1, the overall structure of the auxiliary power supply systems employed by electric 

cars is shown. In general, while the BDC is operating in boost mode, the output voltage (Vo) is four times 

greater than the applied Vin. A fully charged battery is used to supply power to the source voltage while 

operating in the boost mode of operation. In electric vehicles, the Vo generated in boost mode is sent into an 

isolated full bridge converter, which drives the auxiliary systems with the power generated. Instead of 

operating in buck mode, the converter may be used to charge the battery, which is connected in series with 

the converter. 
 

 

 
 

Figure 1. Electric cars' auxiliary batteries are used in case of a power outage 

 

 

2. PROPOSED CONVERTER DESCRIPTION 

Figure 2 depicts a schematic representation of the proposed converter. An voltage gain and it is 

incorporated with the soft-switching operations to the insulated gate bipolar transistors (IGBT) (S1-6), two 

input inductors (L1, L2), an auxiliary inductor (Lr), and a capacitor make up the majority of the circuit's 

components (Cr). The proposed circuit consists of two main switches, S1 and S2, which operate in boost 

mode, and main switches, S3, and S4, which operate in buck mode. In all modes of operation, the auxiliary 

switches Sp and Sq, as well as the resonant inductor (Lr) and Cr, are components of the auxiliary resonant cell, 

which is responsible for achieving ZCS turn-off in both modes of operation. When in boost mode of operation, 

the S1, S2 are always switched on, while the S3, S4 are always turned off. In order to achieve ZCS 
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functioning, the auxiliary switches S5, S6 are switched on for a brief period of time before the main switches 

are shut off. Additionally, when operating in buck mode, the S1, S2 are both switched off during the operation 

process. This mode is activated by switching on the primary switches S3, S4. On the basis of the essential 

waveforms displayed in Figure 3, the functioning of the proposed converter in boost and buck modes is 

explained, and its corresponding circuits with the direction of current flow are illustrated in Figure 4. 
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Figure 2. High gain bidirectional ZCS DC-DC converter proposed 
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Figure 3. Theoretical waveforms: boost mode 

 

 

3. PRINCIPLE OF OPERATION OF PROPOSED CONVERTER 

3.1.  Boost mode 

First interval (t0-t1): main IGBT S1 is activated at time t0. As the input inductor's current increases, 

so does the current flowing through IGBT S1. The IGBT's S2 is in its conduction state before t=0 (t0). For 

the first stage, the resonant tank current must go via the IGBT S1 to cancel out the resonance between Lr and 

Cr. To illustrate the IGBT's S1, current (iS1), consider (1): 
 

𝐼𝑠1 =
𝑉1

𝐿𝑟
(𝑡 − 𝑡0) −

𝑉1

𝑍
𝑐𝑜𝑠 𝜔 (𝑡 − 𝑡0) + 𝐼0 (1) 

 

Second interval (t1-t2): to accomplish S2's ZC turn-off at time t1, auxiliary IGBT S5 is activated as 

shown in Figure 4(a). The secondary IGBT S5 is switched off once again at time t2. When the input inductor 

L2 is disconnected from the power source, the energy stored there is released and sent to the load. t2 Input 

current Io at the device's output is identical to the current via IGBT S1. At time t2, a second S2 anti-parallel 

IGBT diode is conducting. The following equation describes the relationship between the voltage and current 

across the auxiliary capacitor Cr (S2,S5): 
 

𝐼𝑠2 = 𝐼0 −
𝑉1

𝑍
(𝑡 − 𝑡2) 𝑐𝑜𝑠 𝜔 (𝑡 − 𝑡2) (2) 

 

𝑉𝐶𝑞 = −𝑉1 𝑐𝑜𝑠 𝜔 (𝑡 − 𝑡1) (3) 
 

Third interval (t2-t3): since IGBT S1 has been conducting current since t0, when S2 is shut off at 

time t2, a negative current flows through IGBT S5, turning on its anti-parallel diode. It is the job of L2-C2-R 
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to deliver the energy stored in inductor L2 to the load. The IGBT S5's anti-parallel diode is disabled after this 

period has elapsed. The equivalent circuit is shown in Figure 4(b). 

Fourthinterval (t3-t4): this interval is comprised of the IGBT S1 remaining in conduction for a short 

duration of time and then the input inductor L1 accumulating the energy during the turn-on phase of the 

IGBT S1 for a longer period of time. The equivalent circuit is shown in Figure 4(c). Fifth interval (t4-t5): this 

interval is analogous to the t0-t1 period in that the IGBT S1 stays in conduction save for the gating signals 

applied to S2 during this interval. 

Sixth interval (t5-t6): the auxiliary IGBT S6 is switched on at t5 in order to obtain the turn-off at ZC 

for S1, while at the same time, the IGBT S1 current gradually decreases to zero and then reverses direction 

after that. The resonating interval is the time interval during which the resonating frequency is heard. The 

equivalent circuit is shown in Figure 4(d). The gentle turn-off is achieved by the application of the resonant 

tank current created by Lr,Cr. The following are the definitions for the voltage and current expressions: 
 

𝐼𝐿𝑃 = −
𝑉𝑐𝑞

√
𝐿𝑝

𝐶𝑝
⁄

sin 𝜔(𝑡 − 𝑡5) (4) 

 

𝑉𝑐𝑞 = 𝑉1 𝑐𝑜𝑠 𝜔 (𝑡 − 𝑡5) + 𝐼0 (5) 

 

The seventh interval (t6-t7) corresponds to the same time period as the period from t2-t4. The equivalent 

circuit is shown in Figure 4(e). 
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Figure 4. Functioning of the proposed converter in boost mode amd its corresponding circuits with the 

direction of current flow: (a) current flow equivalent circuits of each interval -boost mode during interval  

t0-t1 and t4-t5, (b) current flow equivalent circuits of each interval -boost mode during interval t1-t2,  

(c) current flow equivalent circuits of each interval -boost mode during interval t3-t4, (d) current flow 

equivalent circuits of each interval -boost mode during interval t5-t6, and (e) current flow equivalent circuits 

of each interval-boost mode during interval t6-t7 
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4. DESIGN ANALYSIS 

The suggested converter design analysis is outlined here. Designing an additional series resonant 

circuit was suggested for this converter in order to accomplish ZC turn-off of the semiconductor switching 

devices. It was accomplished in either direction of the converter's power flow. In both the boost and buck 

modes, the current through the IGBTs S1-4 grows when the transistors are switched on because of the resonant 

tank current. Peak resonant tank current via the IGBTs informed our choice of Cr values (S1-S2). Increasing 

the value of the Cr will cause the peak current to decrease via the IGBTs S1,S2, and decreasing the value of 

the Cr will have the opposite effect. The soft-turn-off length, or total time of resonance, may go up or down, 

depending on the values of the Cr, which can be positive or negative. The likelihood of the IGBTs shutting off 

at ZC increases as Lr resonant inductance values increase (S1-4). In (6) provides an approach that may be 

used to estimate the DC voltage conversion ratio: 
 

𝑉0

𝑉𝑖𝑛
=

1

2𝜋

𝑓

𝑓𝑟
(
𝑘

2
+

1

𝑘
− √

1

𝑘2
− 1 + 2𝜋 − 𝑠𝑖𝑛−1 𝑘) +

𝛿𝑡

𝑇
 (6) 

 

where f is switching frequency; fr is resonant frequency; Vo is output voltage; Vin is input voltage; k is 

constant;  
𝛿𝑡

𝑇
-duty cycle: 

 
𝑉0

𝑉𝑖𝑛
=

1

2𝜋

𝑓

𝑓𝑟
(2𝜋) +

𝛿𝑡

𝑇
 (7) 

 
𝑓

𝑓𝑟
 is a fixed value, and change the Vo by changing the the  

𝛿𝑡

𝑇
 and the maximum is given by: 

 

(
𝛿𝑡

𝑇
)
𝑉0

𝑉𝑖𝑛

𝑓

𝑓𝑟𝑚𝑎𝑥
 (8) 

 

𝑓𝑟 =
1

2𝜋√𝐿𝑞𝐶𝑞
 (9) 

 

The ZC turn-off condition for S1-4 can be obtained if as (10) when the parameter (k) is less than one (k<1). 
 

𝑘 =
𝐼𝑚

𝑉𝑖𝑛
√
𝐿𝑞

𝐶𝑞
≤ 1 (10) 

 

Where k- is constant (k≤1). Selection of input inductor the as (11) was used to find the value of input 

inductor: 
 

𝐿1 = 𝐿2 =
𝐷1∗𝑉1

𝑓𝑠𝑤∗𝛥𝐼
 (11) 

 

Consideration of some allowance for input inductors value is chosen as 200 μH 3.3.2 selection of output 

capacitor (Co) as (12) was used to find the value of Co: 
 

𝐶01 = 𝐶02 =
𝐼0∗𝑑𝑐∗(1−𝑑𝑐)∗1000

𝑓𝑠𝑤∗𝑉𝑝(𝑚𝑎𝑥)
 (12) 

 

Consideration of some allowance for Co value is chosen as 470 μF. 

 

 

5. SIMULATION ANALYSIS 

As a first step, the proposed soft-switching operations of the converter are simulated using 

MATLAB/Simulink, which takes into account the supplied source voltage of 70 V in boost mode and 300 V 

in buck mode. According to the equation, the working frequency of this converter is around 50 kHz, and the 

resonant circuit frequency is 0.159 MHz (13). Their primary IGBTs will have soft-switching if (10) is 

satisfied. Open-loop simulations were used to create and test this converter. As shown in the boost mode 

waveforms shown in Figure 5(a)-(e), the collector-emitter voltage and currents of the IGBTs (S1, S2), the 

current through the auxiliary inductor Lr, and the voltages across the auxiliary capacitors Cr, are all 

consistent with the IGBT S1 and auxiliary IGBTs Sp being turned off at ZC. The buck mode simulations 

were also run, and the resulting waveforms can be seen in Figures 6(a)-(d). According to Table 1, a 70/300 V 

prototype was built for validation of the converter design's simulation findings utilising the components and 

parameters listed. The boost and buck modes each had duty cycles of 66 and 45%, respectively. 
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- Efficiency comparison 

The general function of output power to the input power is used to do efficiency analysis of this 

converter. When this converter operated at 400 W output power, the efficiency was obtained as 96.5% in 

boost mode at 70 V and 97% in buck mode at 300 V input voltage. At 500 W output power, this converter 

operated effectively with high gain. The efficiencies of both boost and buck modes under 800 W output 

power levels are shown in Figures 7 and 8, which are simulated and compared with the experimental result. 

The simulation efficiencies of the converter designs are 97.6 and 98.5% for the boost and buck modes, 

respectively. 
 
 

 
 

Figure 5. Boost mode operation waveforms: (a) IS1-switch current of S1, (b) IS2-switch current of S2,  

(c) IS5-auxiliary switch current of S5,(d) ILr-Lr current, and (e) VCr-Cr voltage: boost mode 
 

 

Table 1. Parameters 
Parameter Value 

Vin 70 V 
Vo 300 V 

Inductance (L1, L2) 200 µH 

Lr 20 µH 
Cr 40 nF 

Co 470 µF 

Switching frequency 50 kHz 

 

 

 
 

Figure 6. Buck mode operation waveforms: (a) IS3-switch current of S3, (b) IS5-auxiliary switch current of 

S5, (c) ILr-Lr current, and (d) VCr-Cr voltage: buck mode 
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Figure 7. Measured and simulated efficiency curves for 

boost mode 

Figure 8. Measured and simulated efficiency 

curves for buck mode 

 

 

6. CONCLUSION 

In the this research, a high-gain soft-switching BDC was designed with the express purpose of 

finding use in electric cars. The primary IGBTs were soft-switched off in both the boost (discharging) and 

buck (charging) modes with the assistance of the auxiliary IGBTs, auxiliary inductor, and auxiliary 

capacitors. During the boost mode, the capacitors were discharged, and during the buck mode, they were 

charged. Both boost and buck modes of operation on this converter's 500 and 800 W outputs have been tested 

and evaluated. IGBTs were turned off with ZC because of their minimal turn-off switching power losses. At 

400 W of output power, efficiencies of 96.5 and 97% were achieved in boost and buck modes, respectively. 

This suggests that the suggested converter might be useful in any energy storage system for electric vehicles. 
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