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 This manuscript explains the analysis of the soft switching 

technology to measure the energy loss of high-frequency closed loop 

boost converter with zero-current switching (ZCS) and zero-voltage 

switching (ZVS) techniques. To get these attributes, the use of soft 

power converters that utilize soft switching techniques is essential. 

This paper examines the ZCS/ZVS AC/DC converter design, used in 

high-power systems for renewable energy and battery charging. This 

converter architecture ensures semiconductor switches turn on and 

off at zero voltage and current. It smooths rectifier diodes, reducing 

switching and reverse recovery losses. It has better power quality, 

efficiency, and input power factor. Practical study has been done to 

verify the converter's theoretical analysis. Empirical research shows 

gentle switching enhances system efficiency. Energy losses are 

reduced by 26% while turning on and 20% when turning off 

compared to the ZVS and ZCS. The prototype converter is built to 

corroborate simulation results. Compared to ZVS and ZCS, 

switching losses are lower and efficiency decline is modest across 

the operating range. This shows that the simulation and experimental 

results are consistent. 
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1. INTRODUCTION 

High-frequency isolated DC-DC power conversion has drawn special attention in recent years from 

the fields of solid-state transformers, renewable energy power conversion, and microgrid power  

distribution [1]-[4]. High frequency isolated DC-DC power conversion's modular architecture provides high 

power density and good reliability two essentials for these kinds of applications. DC-DC converters are now 

an essential component of the system due to the growing amount of renewable energy that is being integrated 

into the grid. Both consumer electronics and industrial applications frequently employ DC-DC converters [5]. 

Therefore, the efficiency of these converters is necessary. The main cause of the DC-DC converter efficiency 

decline is switching losses [6]. When the converter is used at a high switching frequency and low power 
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output, this becomes very important [7]. Numerous soft switching strategies, including as zero-voltage 

switching (ZVS), zero-current switching (ZCS), and zero-voltage zero-current switching (ZVZCS), have 

been developed [8] to address this issue. When operating in these modes, switching loss, also known as 

voltage–current crossover, is minimized by manipulating the voltage and current transients [9]. To lower the 

crossover at both the turn-on and turn-off instants, ZVZCS concurrently controls both voltage and current 

transients. As a result, switching losses are significantly reduced, leading to increased efficiency. 

Specifically, this results directly from reducing the crossover losses by simultaneously manipulating the 

voltage and current transients. Nevertheless, neither this problem nor this analysis of the ZVZCS from this 

perspective was covered fully in the previous works. One can eventually get a general judgment about 

whether the ZVZCS approach is better or worse than the ZVS and ZCS. Further comprehension of soft 

switching methods and how DC-DC converters use them will also be improved by this. 

In order to attain resonance and allow the diodes to function in the zero current switching (ZCS) 

state, the converter outlined in [9] makes advantage of the coupled inductor's leaking inductance.  

In [10], soft-switching is achieved by incorporating the resonant working mode into a traditional active-

clamp coupled inductor converter via a hybrid transformer. Roy and Kapat [11] suggest using active clamp 

circuits with a shared clamp capacitor to achieve zero voltage switching (ZVS) for the primary power switch. 

Recent research [12], [13] developed a revolutionary high step-up non-isolated DC-DC converter that uses a 

connected inductor and voltage multiplier techniques. Zero-voltage switching (ZVS) is possible when the 

active switches are turned on, and zero-current switching (ZCS) is possible when the diodes are turned off. 

The converter uses two active switches and runs in resonant mode. The concept outlined in [14] combines a 

traditional inductor-based buck cell with a charge pump mechanism to reduce switch voltage stress and 

achieve a high voltage gain. Nevertheless, converters utilizing quasi-parallel resonant DC-link, as described 

in [14]-[16], typically need intricate control systems and incur a substantial overall cost. The most recent 

study on these converters is to minimize the quantity of auxiliary switches in order to streamline the control 

circuit and save costs. In order to decrease the number of auxiliary switches, additional components like as 

diodes, linked inductors, and capacitors are employed [17], [18]. Occasionally, the ability to regulate the DC-

link zero voltage is also compromised, leading to the abrupt switching of switches. 

However, the presence of intricate control systems is a significant worry in these topologies, 

primarily due to the need to address present sharing difficulties. The diode bridge or multi-pulse converters, 

which are conventional power converters, have been widely used for many years because of their high 

efficiency, dependability, and the widespread availability of power electronic components [19]-[21]. 

Nevertheless, the primary problems that restrict the utilization of front-end converters are elevated input 

current harmonics, diminished power factor, substantial weight, substantial volume, and elevated 

maintenance expenses [22]-[25]. 

 

 

2. PROPOSED METHOD 

2.1.  Soft switching analysis 

By modeling the working model ZVZCS converter depicted in Figure 1, the soft modes of operation 

are presented. Since the switch-off scenario may be duplicated by changing a few basic factors, just the turn-

on moment is chosen for investigation. The parameters and components of the experimental setup are 

presented in Table 1. Section 5 provides a description of pulse width modulation (PWM) switching. It should 

be noted that a metal oxide semiconductor field effect transistor (MOSFET's) switching transients are 

normal. An insulated-gate bipolar transistor (IGBT) can be subjected to the same analysis. Because of the tail 

current in this scenario, there would be a greater energy loss at the turn-off. 
 

 

 
 

Figure 1. Soft switching boost converter 
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Table 1. Parameters and components of the experimental setup 
Parameter Value/Type 

Input voltage 12 V 
Output voltage 110 V 

Switching frequency 20 kHz 

Output filter capacitance 220 micro farads 
Output filter inductance 1.5 mH 

Rectifier diode ON MBR 40250 

Rectifier switch IXFX 48N60P 

 

 

2.2.  Soft switching boost converter 

Figure 1 illustrates the circuit schematic of a soft switching boost converter. A normal boost 

converter circuit is enhanced by using a soft switching cell, which comprises one inductor (L1), two 

capacitors (C1 and C2), and three diodes (D1, D2, and D3). An on/off control is accomplished with a single 

switch, and the switching loss may be minimized by switching at zero current and zero voltage, thanks to the 

resonances of the system. 

 

2.2.1. Mode 1: operation of boost converter 

The boost converter has six operating modes in a switching cycle, which are described in  

Figures 2-7. Both the switches S1 and S2 are in the off state. In this mode, the main inductor current decreases 

linearly and no current flows to the resonant inductor, and the resonant capacitor is charged as output voltage. 

The related mathematical models are also explained in (1)-(26). 
 

𝑉𝐿 (𝑡)  =  𝑉𝑆  −  𝑉𝑂 (1) 
 

𝑖𝐿(𝑡)  =  𝑖𝐿(𝑡0)  − (𝑉𝑂  −  𝑉𝑆)𝑡/𝐿 (2) 
 

𝑖𝐷0  =  𝑖𝐿(𝑡)  (3) 
 

2.2.2. Mode 2: operation of boost converter 

Current flows to the resonant inductor as the switches S1 and S2 are ON. Here ZCS is achieved 

during the turn-on. As the resonant current rises linearly, the load current gradually decreases. When the 

resonant capacitor voltage equals to VO, the output diode is cut off and then the mode 2 operation of the boost 

converter is completed. 
 

𝑖𝐿𝑟(𝑖1) = 0 (4) 
 

𝑉𝐿𝑟(𝑡) =  𝑉𝑂  (5) 
 

𝑖𝐿𝑟(𝑡) = (𝑉𝑂)𝑡/𝐿𝑟 (6) 
 

𝑖𝐿(𝑡) = 𝑖𝐿𝑟(𝑡2) (7) 
 

𝑖𝐷0(𝑡20) = 0 (8) 

 

2.2.3. Mode 3: operation of boost converter 

The resonant capacitor Cr is released from V0 to zero. In this configuration, the resonant inductor Lr 

and the capacitor Cr exhibit resonance, causing the voltage of Cr to decrease from the output voltage V0 to 

zero. Here, the electric current from the primary inductor L passes through both the reluctance resistance (Lr) 

and the switch. A constant supply of power is provided to the load while the voltage at resonant mode Cout is 

being charged. 
 

𝑖𝐿(𝑡1) = 𝐼𝑚𝑖𝑛 (9) 
 

𝑉𝑐𝑟(𝑡2) =  𝑉𝑂 (10) 
 

𝑉𝑐𝑟(𝑡3) = 0 (11) 
 

𝑊𝑟 =
1

√𝐿𝑟𝐶𝑟
 (12) 

 

𝑍𝑟 = √𝐿𝑟/𝐶𝑟 (13) 



Int J Appl Power Eng ISSN: 2252-8792  

 

Analysis of the soft switching modes for energy loss measurement of high … (Ajoya Kumar Pradhan) 

67 

2.2.4. Mode 4: operation of boost converter 

This interval begins when the voltage of the resonant capacitor is zero. In this interval, the 

freewheeling diodes of D1 and D2 are turned on. The resonant inductor current flows to the freewheeling 

diodes S1-Lr-D2 and S2-Lr-D1 along the freewheeling path. 

 

𝑖𝐿𝑟(𝑡) =  𝑖𝐿(𝑡) + 𝑖𝐷1(𝑡) +  𝑖𝐷2(𝑡2) (14) 

 

𝑖𝐿𝑟(𝑡3)  =  𝑖𝐿𝑟(𝑡4) = 𝑖𝐿𝑟𝑚𝑎𝑥  (15) 

 

𝑉𝐿(𝑡)  =  𝑉𝑠 (16) 

 

𝑖𝐿(𝑡)  =  𝐼𝑚𝑖𝑛 +  𝑉𝑠(𝑡)/𝐿 (17) 

 

 

  
 

Figure 2. Mode 1 operation of boost converter  

 

Figure 3. Mode 2 operation of boost converter 

 

 

  
 

Figure 4. Mode 3 operation of boost converter 

 

Figure 5. Mode 4 operation of boost converter 
 
 

2.2.5. Mode 5: operation of boost converter 

In this interval, switches are cut off under the zero-voltage condition by the resonant capacitor. 

During this interval, the inductor and capacitor voltages are presented in (18) to (21). Currently, there exist 

two operating current loops. The Lr-Cr-Vin loop is characterized by a linear expansion of the voltage of 

capacitor Cr from zero to the output voltage V0. Another loop is the Lr-Cr-D1 loop, in which the second 

resonance has place. 

 

𝑖𝐿𝑟(𝑡4) = 𝑖𝐿𝑟𝑚𝑎𝑥  (18) 

 

𝑉𝑐𝑟(𝑡4) = 0 (19) 

 

𝑖𝐿(𝑡) = 𝑖𝐿𝑟𝑚𝑎𝑥  (20) 

 

𝑉𝑐𝑟(𝑡5) = 𝑉0 (21) 

 

2.2.6. Mode 6: operation of boost converter 

In this interval the output diode is turned on under zero voltage condition since the voltage across 

the resonant capacitor equals the output voltage. At this point, two of the inductor currents gradually 

diminish, and the energy stored in the resonant inductor is fully transferred to the load. 

 

𝑖𝐷0(𝑡) = 𝑖𝐿(𝑡) + 𝑖𝐿𝑟(𝑡) (22) 
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𝑉𝑐𝑟(𝑡) = 𝑉0 (23) 
 

𝑖𝐿(𝑡) = 𝑖𝑚𝑎𝑥(𝑡) − (𝑉0 –  𝑉𝑠/𝐿𝑟)𝑡 (24) 
 

𝑖𝐿𝑟(𝑡) =  𝑖𝐿𝑟(𝑡6) − (𝑉0/𝐿𝑟)𝑡  (25) 
 

𝑖𝐿𝑟(𝑡6) = 0 (26) 
 
 

  
 

Figure 6. Mode 5 operation of boost converter 
 

Figure 7. Mode 6 operation of boost converter 
 

 

3. DETERMINATION OF CIRCUIT PARAMETERS AND UTILIZATION 

3.1.  Selection of VS, 𝑹𝟎, Lr, Cr, and 𝑽𝒐 

The load resistance 𝑅0 is selected according to the output power (27). 
 

𝑃 = 𝑉𝑜2/𝑅0 (27) 
 

Where P is power. Reducing the circuit volume is one benefit of high-frequency switching in power 

electronics. In actual use, inductance needs to be as little as feasible. If the capacitance's physical volume is 

not a concern, large capacitance is desired. The input voltage must not exceed the output voltage. For the 

controller design, the operating reference voltage Vo must be higher than the input voltage VS. 
 

3.2.  Validation of the simulated circuit 

Using the Simulink toolbox, a closed-loop simulation circuit for the boost converter is built, as seen 

in Figure 7. While designing the controller, the non-ideal circuit variables are considered but not taken into 

consideration. The inductor L's series resistance and capacitor C are chosen. A resistor is utilized to produce 

step changes in the load resistance and a voltage source (VS) is used to create step changes in the input 

voltage using perfect switches. The MOSFET switch and freewheeling diode's internal resistances and 

forward voltage dips are taken into account. They are simulated using parameters from off-the-shelf devices. 

Consideration is given to the settings for the freewheeling diodes D1 and D2. The MOSFET switch's current 

rating ensures that it will remain safe even during prolonged continuous current flow. 
 

 

4. RESULTS AND DISCUSSION 

The system's performance is contingent upon the following parameter values: step changes in the 

input voltage, resistance, inductance, and capacitance; step changes in the load resistance; disturbances in the 

input voltage; step changes in the reference voltage; and current ripple with realistic circuit parameters. 

Sensitivity analysis is performed under these conditions. The reference voltage is constant in the first four 

situations. Testing the controller's capacity to follow a reference voltage with step changes is the fifth case. 

The goal of the sixth instance is to show that the suggested controller can provide a usable current ripple with 

usable circuit specifications and a significantly lower maximum switching frequency. Comparing the system 

performances of ideal and practical circuits is the final scenario. Only the overall traveling direction of an 

output voltage transient (undershoot, overshoot, or no minimum phase) is examined in order to adjust the 

presentation loudness. A transient's rising time, overshoot amplitude, and settling time are not specifically 

examined. The analytical methods are also applicable to transients of inductor current; however, a thorough 

investigation is outside the purview of this thesis. Should the frequency of switching be lower than 10 kHz, 

the suggested controller will not operate. The bigger switching boundary layer is to blame for this.  

A system operating on these boundary layers diverges because it is essentially controlled by an open loop. 

The switching boundary layer shrinks as the switching frequency rises, improving the accuracy of the 

analysis and prediction. Based on an investigation with a maximum switching frequency of at least 20 kHz, 

the simulation findings are accurately represented. For every simulation, the beginning conditions i(0) = 0 

and v(0) = 0 are applied. 
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4.1.  System simulation 

Figure 8 simulation model of closed loop boost converter simulation of closed-loop controlled boost 

converter is done using MATLAB and the results are presented for an input voltage of 200 V and an output 

voltage of 400 V and a switching frequency of 10 kHz. Figure 9 shows the switching pulse, voltage across 

the switch, and current through the switch. Figure 10 shows the current through the main inductor. Figure 11 

shows the voltage across and current through the diode. Figure 12 shows the load voltage of the close loop 

boost converter with PI controller which is 400 V, two times greater than the input voltage. 

 

 

 
 

Figure 8. Closed loop simulation of boost converter 

 

 

 

 

Figure 9. Simulation result of the switching pulse, voltage across the switch, and current through the switch 
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Figure 10. Simulated waveform of main inductor current in closed-loop 
 

 

 
 

Figure 11. Simulated wave form of diode voltage and current in closed-loop 
 
 

 
 

Figure 12. Simulated waveform of output voltage in closed-loop 
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4.2.  Experimental setup for boost converter 

A repeated waveform (sawtooth waveform) is compared with a signal level control voltage to 

provide the signal that governs the ON/OFF state of the switch. The saw tooth waveform frequency 

determines the switching frequency, while the voltage control level determines the duty ratio. The variation 

in the output voltage is crucial. A low-pass filter made of an inductor and a capacitor can be used to reduce 

this volatility. 

The experimental setup of the boost converter is presented in Figure 13. The waveform of the 

experimental setup achieves the steady state value after 6 seconds. The steady-state value of the output 

voltage is 110 V. The suggested model's hardware is depicted in Figure 14. The output voltage of the 

experiment is shown in Figure 15. The overshoot becomes zero after 7 seconds. The output voltage, the 

voltage across diode D1, and the current through D1 are shown in Figure 16. 

 

 

  
 

Figure 13. Hardware presentation of boost converter 

 

Figure 14. Hardware presentation of proposed model 

 

 

  
 

Figure 15. Simulated waveform of output voltage  

from experimental set up 

 

Figure 16. Experimental waveform of  

different voltage 

 

 

5. CONCLUSION 

This research examined the ZVZCS soft switching method. The advantages of the ZVZCS over the 

ZVS and ZCS in lowering switching losses and enhancing the soft switching range of operation was 

illustrated theoretically. It was discovered that the main reason for the improvement was that the ZVZCS was 

not significantly impacted by the variables that control the ZVS turn on and the ZCS turn off. A simulation 

test was conducted on many soft switching converters from the current literature in order to substantiate the 

theoretical assertion. Next, the major switches' turn-on and turn-off losses were measured. When compared to 

the ZVS and ZCS equivalents, respectively, the generated losses for the ZVZCS operation were found to be 

26% and 20% lower, respectively. Moreover, the ZVZCS operation's modest standard deviation indicated 
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little departure from the typical loss profile throughout all operating phases. Future research can confirm 

ZVZCS's superior operability and efficiency compared to other comparable methods for a variety of 

converter types. In addition, it was found that, in contrast to the variations in switching frequency and input 

voltage, the efficiency decline was consistently maintained at a moderate and stable level. 
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