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The use of conventional dc-dc converter is likely to decrease the efficiency because of the hard 
switching, which generates switching losses during switching on/off states. The proposed 
converter has the following desirable features:  It requires only five control switches out of which 
four main control switches operate under zero voltage switching and one auxiliary control switch 
which operates under zero current switching; Three level voltage waveform before output filter 
can be achieved, which significantly reduces the value of filter inductance as compared to the 
existing topologies; Soft switching occurs at small value of leakage inductance of high frequency 
transformer; Modified phase shift pulse width modulated control method is used to achieve wide 
output range. Hence, the cost and switching losses are reduced to a greater extent, thus improves 
the overall efficiency of a system. This paper describes the main operational modes and design 
equations of the proposed converter. The simulation and experimental results are presented to 
validate the feasibility of proposed work.    
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1. Introduction 

The soft switching Pulse Width Modulation (PWM) with primary side phase shifting 

(PSPS) is an attractive topology [1]-[2], but it is having less soft switching range. The leakage 

inductance of high frequency transformer must be large enough in order to provide soft 

switching in the primary leg switches. This will decrease the conversion efficiency and it is 

very difficult for the designing of parameters of high frequency transformer. In addition, there 

will be high idling power losses due to circulating current in the inverter legs under large 

phase shifting angle. This will further reduces the conversion efficiency. The improved ZVS 

PWM DC-DC converter with PSPS scheme is considered. The idling power loss can be 

reduced by resetting the residual energy in the leakage inductance of the transformer with aid 

of auxiliary elements either in primary or secondary side [3]-[4]. But the power loss in the 

auxiliary circuit cannot be negligible.  

The soft switching DC-DC converter with Secondary phase shifting (SPS) scheme is used 

to provide wider soft switching range and effective reduction of idling power loss deriving 

from circulating current [5]-[7]. This scheme is free from diode reverse recovery current in 

the secondary side. However, the secondary side circulating losses and voltage spikes are still 

present. The improved secondary side phase shifting scheme is proposed [8]-[11], where the 

duty cycle of primary and secondary control switches keeps 0.5 and the phase shift angle 

between primary and secondary is controlled for regulating the output voltage. But this 

scheme is unclear with high input voltage applications under the reduced primary switch 

voltage stresses [10]-[11]. 

In many three level PWM DC-DC converters, two level waveform before output filter can 

be achieved, which significantly increases the value of the output inductance. So, the large 
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filter inductance is required to reduce the ripples in the current, hence the system is having 

low power density and slow dynamic response [12]. In order to solve this problem, a hybrid 

TL DC-DC converter is proposed [13] and it gives three levels in the voltage waveform 

before output filter. So, the size of output filter will get reduced. But the problem with this 

topology is uneven distribution of voltage stress across switches. 

In order to minimize the size and volume of output filter, several TL converter topologies 

with three level secondary rectifier voltage waveform were introduced in [14]-[17]. In the 

topology [16], full bridge combined three level converter was proposed, which can provide 

three level secondary rectified output voltage waveform as well as wider ZVS load range for 

all the control switches. In order to reduce the circulating current in the topology [18], a 

centre tapped transformer with four diodes is used. So, the parameter design of transformer 

is difficult and it requires fly back capacitor to clamp off state voltage of primary switches. 
 

In this paper, a soft switching technique has been proposed for five level full bridge 

converter to reduce total switching losses. Only five switches are used in proposed converter 

topology which reduces cost and also total switching losses, thus improves the overall system 

efficiency. The three level voltage waveform before filter is achieved, which reduces the 

value of output filter inductance. The modified phase shift pulse width modulation is used to 

control the proposed topology. The proposed work has been implemented effectively and it 

is verified through simulation and  experimentation results. This paper also describes the 

various operational modes, design equations and control range of soft switching for the 

proposed converter topology. 
 

2. FIVE LEVEL FULL BRIDGE ZVZCS DC-DC CONVERTER 

          Figure 1 shows the circuit diagram of the proposed five level full bridge dc-dc 

converter topology. The switches S1-S4 are main switches whereas switch S5 is an auxiliary 

switch. The switches S1-S4 are operating under Zero voltage switching and switch S5 is 

operating under Zero current switching. Table 1 gives the proposed switching states and the 

corresponding output voltage of the transformer for each switching state. The switching 

frequency of the proposed converter is fixed and each switch is ON for precisely half a 

switching cycle and turn off and turn on of each switch is controlled, so the input voltage 

appears across the transformer for the specified time. If the switches S1 and S3 are operating 

or if the switches S2 and S4 are operating then the transformer primary voltage becomes zero. 

Here, the switches S1-S5 are operating under ZVS switching during the time of turn -off and 

ZCS during the time of turn- on. The filter elements Lf and Cf are used to remove the ripple 

content in the rectifier output voltage. 

 

 

 

 

 

 

 

Figure.1: Five Level Soft Switching DC-DC converter 
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Table 1: Switching Table of the proposed converter 

State S1 S2 S3 S4 S5 Vp 

1 ON ON OFF OFF OFF Vdc 

2 OFF ON OFF OFF ON Vdc /2 

3 OFF ON OFF ON OFF 0 

4 ON ON OFF OFF OFF 0 

5 OFF OFF ON OFF ON -Vdc /2 

6 OFF OFF ON ON OFF -Vdc 

 

If the converter is in state 1, then the average value of voltage at the dc rectifier side will be 

�� = �∗���

	
                                                                 
1� 

        Where n is the turn’s ratio of the transformer. The proposed converter is operating in 

three, four and five level dc-dc operation.  Table –2 shows the comparison of proposed five 

level dc-dc converter with conventional dc-dc converter. It is clear that, the no. of switches 

in the proposed converter is less than the conventional converter (i.e, cascaded). So, the 

efficiency of the proposed converter is high and the size of dc side filter is less as compared 

to conventional. 

Table –2: Comparison of Proposed converter with other multi level converters 

 

3.  OPERATING MODES 

The operational waveforms of the proposed dc-dc converter are shown in figures 2. The 

various operating modes of the five level converter is as follows. 

        The figures from 3(a) to 3(l) show the operational modes of the ZVZCS Full Bridge 

DC-DC converter. The following analysis is made based on the assumption that the blocking 

capacitors are high enough to operate as a constant voltage source. 

Type of Element Five- Level DC-DC Converter 

Topology [17]  

Proposed  DC-DC 

Converter Topology 

Control switches (n+1)*2 n 

Diodes (n-1)*3 (n-1)*2 

DC-Link Capacitors n-1 n-3 

Switching Losses High Low 

 Where “n “is the number of output voltage levels, n=5 
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Figure 2 : Operational waveforms of the five level converter  

 
Mode 1: 0 ≤ t ≤ t0    

     At time t=0, the switches S4 and S2are turned on under ZVS and transformer primary 

does not connected to dc voltage source shown in figure 3(a). In this instant, the primary 

voltage of the transformer is zero and hence the dc rectified output voltage becomes zero.  

 

 

 

 

 

 

 

Figure 3(a): Operational mode1(0≤ t ≤ t0 )of the proposed converter 
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Mode 2: t0 ≤ t ≤ t1    
        At time t=t1, the switch S4 is turned off under ZVS and switch S5 is turned on under 

ZCS. The capacitors C1 and C3 are further discharging through the current in the primary 

winding of the transformer and hence the transformer primary receiving half of the input 

voltage with positive polarity as shown in figures 3(b). The capacitor C4 starts charging based 

on the direction of current in the primary winding of the transformer. Before time t=t1 the 

capacitor C1 is completely discharged to zero, so its body diode of switch S1 starts 

conducting and switch S1 is ready to operate under ZVS  condition at any time after t=t1as 

shown in figure 3(c).  

 

 

 

 
 

 

 

 

 

 

Figure 3(b): Operational mode2( t0 ≤ t ≤ t1 )of the proposed converter  

 

 

 

   

 

 

 

Figure 3(c): Operational mode2 (Before time t= t1)of the proposed converter   

     

 

 Mode 3: t1 ≤ t < t2 

         At time t=t1, the switch S1 is turned on under ZVS along with switch S2 then the 

transformer primary receiving full dc input voltage and simultaneously the switch S5 is tuned 

off under ZVS. The rectifying diodes DR1 and DR2 are operating and the rectified voltage 

is supplied to dc load as shown in figure 3(d). 
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Figure 3(d): Operational mode 3( t2 ≤ t ≤ t3 )of the proposed converter 

         At t = t2, the control switches S1 and S2 being conducted and the total dc voltage 

(Vdc) is applied to the primary of the transformer. As a result the primary current of the 

transformer “IP” is given by, 

      ��� =
��

�
                                                                           
2� 

         Where IP0 is the peak current in the primary side of transformer, I0 is the Current 

through filter inductor Lf, and n is the turn’s ratio of the transformer. The voltage i.e., applied 

to the primary leakage inductance of transformer is Vdc, and the time duration of this period 

is given by 

�� − 0 = �� =
���∗��� 

���
                                                         
3�  

       The load current is not totally supplied by Vdc during this interval, so the surplus 

current freewheels through the dc rectifier diodes DR1 – DR2. 

 

  Mode 4: t2 ≤ t < t3 

       At time t=t2, the switch S5 is turned on under ZCS along with switch S2 then the 

transformer primary receiving half of the input voltage and simultaneously the switch S1 is 

tuned off under ZVS. The rectifying diodes DR1 and DR2 are operating and the rectified 

voltage is supplied to dc load. The capacitor C1 starts charging and capacitor C3 is already 

discharged and body diode of switch S3 is on as shown in figure 3(e). Assume the width of 

time interval between t3 to t4 is long enough to make discharging of capacitor C1 to zero and 

correspondingly the body diode of switch S1 is on as shown in figure 3(f). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3(e): Operational mode4( t2 ≤ t ≤ t3 )of the proposed converter 
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Figure 3(f): Operational mode4( Before time t= t3 )of the proposed converter 

Switches S2and S5 can be gated ON completely at any time after t2. The duration of this mode 

is given by 

 
��

�� /�
=

"
�

=
#
�$%�&
'() 2⁄ �+

�
=


�, − ��� 
'() 2⁄ �⁄
�

         
4� 

Since the time interval t2 is very short,  so the time ton is set equal to t3    and  

" =
�,

'() 2⁄                                                                                   
5� 

Mode 5: t3 ≤ t < t5 

        At time t=t3, the control switches S2 and S5 are turned off under ZVS. At time t=t4, 

the switches S1 and S3 are turned on under ZVS after completion of dead band period as 

shown in the operational waveforms. So, the transformer primary receiving zero voltage and 

correspondingly the rectified output voltage becomes zero and it is shown in the figure 3(g).  

 

 

\ 

 

 

 

 

 

Figure 3(g): Operational mode5( t3 ≤ t ≤ t5 )of the proposed converter 

Mode 6: t5 ≤ t < t6 

          At time t=t5, the control switch S5 is turned on under ZCS along with switch S3 

then the transformer primary receiving half of the input voltage in the reverse direction and 

simultaneously the switch S1 is tuned off under ZVS as shown in figure 3(h) . The rectifying 
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diodes DR3 and DR4 are operating and the rectified voltage is supplied to dc load. The 

capacitors C1 & C2 starts charging and capacitor C4 starts discharging.  Before time t=t6, 

the capacitor C4 is completely discharged to zero and correspondingly the body diode of 

switch S4 is on as  shown in figure 3(i). 

 

 

 

 

 

 

 

 

 

Figure 3(h): Operational mode6( t5 ≤ t ≤ t6 )of the proposed converter 

 

 

 

 

 

 

 

Figure 3(i): Operational mode6(before time t=t6 ) of the proposed converter 

  

Mode 7: t6 ≤ t < t7 

         At time t=t6, the switch S4 is turned on under ZVS along with switch S3 then the 

transformer primary receiving full dc input voltage in the reverse direction and 

simultaneously the switch S5 is tuned off under ZVS as shown in figure 3(j). The rectifying 

diodes DR3 and DR4 are operating and the rectified voltage is supplied to dc load.  

       The control switches S3 and S4 are turned ON at time t=t6 and the voltage (-Vdc) is 

applied to the primary of the transformer. Once the primary current falls below the specified 

current Ip0 ,the load current starts to freewheel through the dc rectifier diodes. As a result, 

disconnects the primary side and finally short circuiting the magnetizing inductance of the 

transformer.  The time interval is given by 
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�/ − �0 = 12 ∗ ���
3��

                                                                       
6� 

 

 

 

 

 

 

 

Figure 3(j): Operational mode7(t6 ≤ t ≤ t7) of the proposed converter 

 Mode 8: t7 ≤ t < t8 

          At time t=t7, the switch S5 is turned on under ZCS along with switch S3 then the 

transformer primary receiving half of the input voltage in the reverse direction and 

simultaneously the switch S4 is tuned off under ZVS as shown in figure 3(k). The rectifying 

diodes DR3 and DR4 are operating and the rectified voltage is supplied to dc load. The 

capacitor C4 starts charging where as the capacitors C2 and C1 starts discharging.  Before 

time t=t8, the capacitor C1 is completely discharged to zero and correspondingly the body 

diode of switch S1 is on. Assume the width of the time between t7 to t8 is long enough to 

discharge capacitor C1 to zero and correspondingly the body diode of switch S1 is on as 

shown in figure 3(l). 

 

 

 

 

 

 

 

 

Figure 3(k): Operational mode7(t7 ≤ t ≤ t8) of the proposed converter 
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Figure 3(l): Operational mode8(before time t=t8) of the proposed converter 

3.1 DESIGN EQUATIONS:         
        The design of the converter involves determining values for Cd1, Cd2, C1, C2, C3, C4, 

Llk, Lf and Cf. The output filter should be large enough to maintain the load current for the 

entire switching period TSW, while the transformer leakage inductance Llk should be 

minimized in order to minimize the reset time. 

       Capacitors Cd1 and Cd2 are essential for the proper voltage division across the 

switching devices. Consequently, they should be selected with identical values using tight 

tolerance parts. In practice, the dc-bus capacitors are required to maintain the voltage changes 

in the input voltage Vdc using voltage spikes caused by parasitic inductances, so a large value 

may be required. Smaller capacitors with high-frequency response may be placed in parallel 

with the bulk dc-bus capacitors in order to handle high-frequency ripple due to parasitic 

components. 

       The size of the parallel capacitors (C1=C2= C3= C4=Cr) is determined by the minimum 

requirement to achieve ZVS during turn-OFF, which requires that the parallel capacitors must 

be large enough to hold the voltage close to zero during the current fall-time of the device 

�25, which can be determined from the data sheet. Once this parameter has been determined, 

Cr can be calculated as follows 

C�  = C7 =
89:∗;<�

=>?
                                                                  
7�             

3.2 CONTROL RANGE OF SOFT SWITCHING:        
            ZVS is accomplished when Ip0 discharges the parallel capacitors across the leading 

switches during mode 8 for switch S3. The length of mode 8, referred to as the dead time, 

limits the maximum duty cycle that can be commanded by the controller, which, in turn, 

limits the maximum voltage that can be achieved on the secondary and the maximum power 

that can be delivered to the load. Since ZVS, and hence the dead time occurs once per half 

cycle, the maximum duty cycle is  

  "ABC = 1 −
��DB�

'() 2⁄                                                   
8� 

          Once the dead time is fixed, there is a minimum value of the load current under 

which ZVS no longer occurs since the leading switches will be switched before the parallel 

capacitors are completely discharged. This minimum load current is given by 
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       ���,A5	 = GH ∗
�� 

��DB�
                                                   
9� 

          The dead time must not only be selected to maximize the load current range for 

which ZVS occurs but must also minimize the reduction of the duty cycle. The precise value 

of the dead time will vary depending upon the needs of the application, i.e., whether the 

application will require high duty cycles or a large soft-switching range. 

        It can be noted from this equation that achieving ZCS is independent of the load 

current, though the voltage across Llk may become very large if the primary current exceeds 

the maximum load current used in (7) to calculate the value of the blocking capacitor. There 

is a limit to the range of duty cycles for which ZCS occurs, given by 

 

1 − J1 − 32 ∗ K()
� ∗ G�� ∗ LMN

2
≤ "

≤
1 + J1 − 32 ∗ K()

� ∗ G�� ∗ LMN

2
         
10� 

4. HARDWARE IMPLEMENTATION OF FIVE LEVEL ZVZCS DC-DC 

FULL BRIDGE CONVERTER 

                  The figure 5 shows the hardware setup of the FPGA controlled full bridge zero 

voltage and zero current switching five level DC-DC converter. The hardware development 

consists of the following parts: 

� FPGA controller to generate the control signals 

� Driver Circuit to amplify the gate signals of FPGA controller 

� The DC power supply circuits (12V and 5V) 

� Five level full bridge dc-dc converter Power module 

 

 
Figure.5: Hardware implementation of the FPGA controlled ZVZCS five level dc-dc full 

bridge converter 
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5.  SIMULATION & EXPERIMENTATION RESULTS: 

The gate signals of the proposed converter are shown in figure 6. In the proposed 

converter, there are total of five control switches. For getting positive output, the diagonal 

switches (S1and S2) will operate along with switch S5 and input voltage is applied to primary 

of the transformer. Similarly for getting the negative output, the other diagonal switches 

(S3and S4) will operate along with S5 and negative voltage is applied to the primary of the 

transformer. All the control switches in the proposed converter are operating under soft 

switching. The parameters of the proposed converter are shown in the table 3. 

 

 

(a) 

 

(b) 

 

(c) 

Figure 6: Generation of Gate pulses through Simulation 
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Table 3: Parameters 

     

S.NO 
PARAMETER RANGE 

1 DC INPUT VOLTAGE 100V 

2 DC OUTPUT VOLTAGE 24V 

3 SWITCHING FREQUENCY 10KHz 

4 LOAD CURRENT (1-20)A 

5 DC BUS CAPACITANCE 100mF 

6 PARASITIC CAPACITANCE 1PF 

7 FILTER INDUCTOR 10mH 

8 FILTER CAPACITOR 5uF 

 

       The gate signals for the proposed converter are as shown in figure 7. The dead band 

is created between the signals S1and S4, S3and S2 and S5to achieve the ZVS condition. 

 

 
(a) 

 
(b) 
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(c) 

Figure 7: Gate pulses through experimentation 

 

 
(a) 

 
(b) 

 
(c) 

Figure 8: (a) Transformer primary voltage (b) Transformer secondary voltage (c) DC output 

voltages of the proposed converter 
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Figure 10(a): Transformer Primary Voltage  

 

Figure 10(b): Transformer Secondary Voltage 

 

Figure 9(c): Rectified dc output voltage waveform with filter 

           The figures 10 and 11 shows the gate pulse, voltage and current waveforms of switch 

S3. If the switch S3 is on at time t=15.5msec, the voltage across switch is zero before time 
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t=15.5msec If the switch S3 is off at time t=17msec, the voltage across switch reaches zero 

before time t=17msec. So, it indicates that the switch S3 is operating under ZVS condition. 

       The figure 12(a) shows the voltage across switch S3.The Channel 2 shows the gate pulse 

given to the switch and channel 1 shows the voltage across source and drain terminals of the 

switch S3. From figure 12 (b), it is clear that before turning-ON switch S3, the voltage across 

it becomes zero. So, the control switches are turned on under ZVS condition. The figure 12(b) 

shows the condition for ZVS of the switch S3 during turn-ON period. The channel 2 shows 

the control pulse and channel1 shows the voltage between source and drain of the switch S3. 

 

 
Figure 10: Gate pulse and voltage across  switch S3 from OFF to ON through simulation 

 

 
Figure 11:  Gate pulse and voltage across switch S3 from ON to OFF through 

simulation 
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Figure 12(a): Waveform for Gate pulse and voltage across switch S3 during OFF to ON 

through experimentation 

 

Figure 12(b): Gate pulse and voltage across switch S3 during ON to OFF through 

experimentation 

 

Table 4. Efficiency of proposed converter for various load currents 

S.NO LOAD 

CURRENT 

(Amps) 

OUTPUT 

POWER 

(Watts) 

INPUT  

POWER 

(Watts) 

EFFICIENCY 

(%) 

1 3 80.55 86.9 92.7 

2 5 134.6 144.3 93.3 

3 10 261.8 278.0 94.2 

4 16 420 441.7 95.1 

5 20 523.3 548.0 95.5 

 

       Table 4 shows the efficiency and output power of proposed converter with soft 

switching. For suppose a load current of 10Amps, the efficiency of the converter is 
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89.2%.with soft switching. So, if the converter is operating under soft switching, the 

switching losses decreases and efficiency increases for different load. 

CONCLUSION: 

         The modified phase shift pulse width modulated control method has been utilised to 

achieve wide output range. The converter was shown to have the advantages of soft switching 

and three level waveform before output filter has been achieved, which significantly reduces 

the value of the output inductance. The size of leakage inductance of high frequency 

transformer was smaller for achieving soft switching. Hence, the cost and switching losses 

were reduced to a greater extent, thus improves the overall efficiency of a dc-dc converter. 

This paper also described the main operational modes and design equations of the converter 

as well as simulation and experimental results further demonstrate the validity of the 

proposed idea. Future research would include designing a proto type model to implement soft 

switching for the various multi level topologies. 
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