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Abstract: In this paper, hybrid energy storage system (ESS), 

consisting of battery and super capacitor (SC) is used in a 

standalone photovoltaic system. Since the battery energy storage 

system is composed by high energy density and low power density 

and also degradation occurs due to frequent and partial 

charge/discharge cycles. By integrating super capacitor energy 

storage system which has high charge/discharge rates, a system 

having high energy and power capabilities is designed. In this 

paper non-isolated soft-switching bidirectional DC-DC converter 

is integrated which is suitable for high step-up and step-down 

applications. The whole system results in overall life span 

enhancement of the battery and also reduction in size and cost of 

the battery. The control scheme is verified using MATLAB 

/Simulink models. 

 

Keywords: Soft switching, zero voltage switching, zero current 

switching, Non isolated bidirectional converter. 

1. Introduction 

The major power conversion devices in an electric vehicle 

are the charger, inverter and DC-DC converter. For an electric 

vehicle, some losses are fixed regardless of load, while other 

losses are linearly and exponentially proportional to the load. 

Generally, there are three main contributors to losses in a power 

semiconductor conduction, switching and blocking (or reverse 

leakage). In some cases, these loses can be ignored but most of 

the time they tend to sneak up and reduce the efficiency of 

converter if not properly designed. Sometimes by faster 

switching in order to minimize losses can lead to problems like 

over voltage and electromagnetic interference (EMI).  

The main aim of this paper is to reduce switching losses by 

using a non-isolated bidirectional DC-DC converter with 

interleaved topology. Here MPPT algorithm is used for 

extraction of maximum power to ensure high efficient operation 

of PV module. The proposed converter is operated under ZCS 

and ZVS condition which improves the voltage gain and overall 

efficiency. 

The main objectives of this paper are, 

 Reduction in power losses of switches by soft 

switching. 

 Reduction in voltage stress and current stress of the  

 

switches. 

 Simulation of proposed system and verification of 

theoretical analysis. 

2. Hybrid Energy Storage System 

A standalone PV system containing a battery and super 

capacitor is used. The PV panel is connected to the load using 

a non-isolated bidirectional converter and an inverter. The 

function of the boost converter used at the panel is to extract the 

maximum power from PV panel using maximum power point 

tracking (MPPT) algorithm. Hybrid ESS is connected to the 

load using non isolated bi-directional DC-DC converters. 

Hybrid ESS is used to maintain the constant DC voltage even if 

there is a mismatch between generation and demand. When the 

demand is more than generation, Output voltage drops from its 

reference value, consequently Hybrid ESS will discharge to 

provide the surplus demand. Similarly, when the demand is less 

than the generation, Output voltage increases from its reference 

value. 
Table 1 

Component of system Specifications 

PV array Voc=37.5V, Isc=33.2A, Pmpp=882.7W 

Battery Lead acid 24V, 14Ah 

Super capacitor 29F, 32V 

          

 
Fig. 1.  Photo voltaic system with battery and super capacitor storage 

system 
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3. Non Isolated Bidirectional DC-DC Converter 

The proposed converter consists of a general buck/boost 

converter as the main circuit and an auxiliary circuit which 

includes capacitor Ca, inductor La and two high voltage side 

(HVS) switches S3 and S4. 

 
Fig. 2.  Bidirectional DC-DC converter 

 

Fig. 3 shows boost mode operation states of the proposed 

converter. 

 

 
Fig. 3.  Boost mode of operation 

 

Boost mode: 

Mode 1(to ~ t1): Mode begins by turning off of S2 and S4 

and then the body diodes of S1 and S4 are turned on. Gating 

signal is applied and S1 is turned on under ZVS condition. 

𝐼𝐿𝑓 and 𝐼𝐿𝑎 starts to increase and decrease respectively. 

Mode 2(t1 ~ t2): When  𝐼𝐿𝑓  becomes greater than 𝐼𝐿𝑎 current 

through S1 is reversed and main channel of S1 conducts and 

then  𝐼𝐿𝑎   decreases and becomes 0. 

Mode 3(t2 ~ t3): 𝐼𝐿𝑎 is reversed at t2 and body diode of S3 is 

turned on. Gating signal is applied and S3 is turned on under 

ZVS condition, 𝐼𝐿𝑎 increases gradually. 

Mode 4(t3 ~ t4): S1 and S3 are turned off at t3 and body 

diodes of S2 and S3 are turned on.  𝐼𝐿𝑓 and 𝐼𝐿𝑎 decreases 

gradually. S2 is applied with gating signal and turned on under 

ZVS condition. As 𝐼𝐿𝑎  decreases and becomes 0, S3 is also 

turned off under ZCS condition. 

Mode 5(t4 ~ t5): Mode starts when 𝐼𝐿𝑎 is reversed the body 

diode of S4 is turned on under ZVS condition and 𝐼𝐿𝑎  increases 

accordingly. 

The waveforms associated with boost mode are shown in Fig. 

4. 

 
Fig. 4.  Waveforms during boost mode of operation 

 

Fig. 5 shows buck mode operation states of the proposed 

converter. This is the end of one complete cycle. 

 

Buck mode: 

Mode 1(to ~ t1): Mode begins with turning off of S2 and S4, 

body diodes of S1 and S3 are turned on after parasitic capacitors 

of S1 and S3 are discharged completely. 𝐼𝐿𝑓 starts to decrease 

gradually. 

Mode 2(t1 ~ t2): 𝐼𝐿𝑎 starts to decrease from t2 then S2and S3 

are turned on. Gating signal of S3 is applied before reversal of 

𝐼𝐿𝑎  for ZVS turn on. When 𝐼𝐿𝑎 decreases and reaches 0 mode 2 

ends. 

Mode 3(t2 ~ t3): At t2 𝐼𝐿𝑎 is reversed and starts to increase 

with positive peak 

Mode 4(t3 ~ t4): S1 and S3 are turned off at t3 and body 

diodes of S1 and S4 are turned on 𝐼𝐿𝑎 starts to decrease. Gating 



B. Sruthi et al.                                                           International Journal of Research in Engineering, Science and Management, VOL. 4, NO. 6, JUNE 2021 239 

signal is applied to S4 and turned on under ZVS condition. 

Mode 4 ends when 𝐼𝐿𝑎 becomes 0. 

Mode 5(t4 ~ t5): When 𝐼𝐿𝑎 becomes greater than 𝐼𝐿𝑓  body 

diode of S1 is turned off under ZCS condition. Parasitic 

capacitors of S1 is charged and S2 is discharged respectively. 

Body diode of S2 is turned on and 𝐼𝐿𝑎 decreases and 

𝐼𝐿𝑓 increases respectively. S2 is turned on using gating signal 

before 𝐼𝐿𝑎  becomes lesser than 𝐼𝐿𝑓  for ZVS turn on. 

Mode 6(t5 ~ t6): At t5 current through S2 is reversed, 

𝐼𝐿𝑎 decreases and 𝐼𝐿𝑓 increases. By the end of mode 6 S2 and 

S4 are turned off 

 

 
Fig. 5.  Buck mode of operation 

 

The waveforms associated with buck mode are shown in fig. 6. 

 

Design specifications: 

 

𝐿𝑓= 
𝑉𝑝 𝐷(1−𝐷) 

𝑓𝑠 𝛥𝐼
 = 

32∗0.609∗0.309

16∗1000∗0.3
 = 0.355mH 

 

𝐿𝑝𝑣= 
𝑉𝑖𝑛−𝑚𝑖𝑛×𝐷𝑚𝑎𝑥 

𝑓𝑠𝛥𝐼𝐿(𝑝−𝑝) 
 = 

0.26∗17

5∗1000∗6.25
= 0.352𝑚𝐻 

𝐿𝑟 = 𝐿𝑎= 
1

2

𝑉𝑖𝑛 𝐷 

𝑓𝑠

1

𝛥𝐼𝑖𝑛
 = 

0.609∗32

2∗16000∗0.406
 = 1.5mH 

𝐶𝑑 = 𝐼𝑜 
𝑑𝑡

𝑑𝑉
 = 

14∗0.26

16000∗0.75
 = 300µF 

 

From above equations  𝐶𝑟 = 𝐶𝑂𝑆,𝑈 is less than 30µF 

 

 
Fig. 6.  Waveforms during buck mode of operation 

 

This is the end of one complete cycle. 

 

 
Fig. 7.  Gate signals to inverter 
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4. Results 

 
Fig. 8.  Output voltage wave form of hard switching 

 

 
Fig. 9.  Output power wave form of hard switching 

 

 
Fig. 10.  PMSM load speed wave form in rad/sec (hard switching) 

 

 
Fig. 11.  Output voltage wave form of soft switching 

 

 
Fig. 12.  Output power wave form of soft switching 

 
Fig. 13.  PMSM load speed wave form in rad/sec (soft switching) 

 
Table 2 

Gain Hard Switching Soft Switching 

Voltage gain 
 

𝑉𝑜

𝑉𝑖𝑛
 = 

50

37
 = 1.35 

𝑉𝑜

𝑉𝑖𝑛 
 = 

70

37
 = 1.89 

Power gain 

 

𝑃𝑜

𝑃𝑖𝑛
 = 

500

1020
 = 0.49 

𝑃𝑜

𝑃𝑖𝑛
=

1000

1020
 = 0.98 

5. Conclusion 

The proposed converter can achieve ZVS turn on of all 

switches and ZCS turn of some switches in both boost and buck 

operations. An optimized switching sequence is presented 

along with an intermediate switching pattern. The interleaving 

technique can be applied to reduce the size of passive 

components and current stresses and improve the overall 

efficiency of buck boost converter. 
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