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Abstract 

In this paper, we propose a family of soft-switched pulse-width modulation (PWM) 

converters with main and auxiliary switches that turn on at zero current and off at zero 

voltage. To generalize the soft-switched PWM converters, two types of auxiliary cells are 

suggested. They have two saturable inductors, which are operated to reduce the reverse 

recovery current of the diodes and to minimize the effective on time of the auxiliary 

switch. The switching losses of converter switches are very low on account of soft 

switching. Moreover, the auxiliary switch conduction loss is minimized by reducing the 

auxiliary switch conduction time. By applying a boost-type converter, the converter is 

analyzed and its characteristics are considered. The characteristics are verified by 

experimental results for a 250-kHz operation for the boost-type converter. The 

experimental result shows that the auxiliary switch pulse width is approximately 1/20 of 

the main switch for the half-duty ratio of the 250-kHz operation. This result is better than 

the conventional one at same condition. 

 

Keywords: DC-DC converter, power supply, soft switching converter, high efficiency 

converter, high frequency converter 
 

1. Introduction 

Owing to their simple topologies and basic pulse-width modulation (PWM) control, 

PWM converters have been widely used for converter applications. Meanwhile, the high-

power density converter has been very attractive for portable systems and aerospace 

applications. To reduce the converter system size and weight, high-frequency switching 

with low switching loss is required. Reducing these switching losses, soft switched 

converter has been employed [1-8]. 

Resonant converters have researched for reducing switching losses [1, 4]. Nevertheless, 

the conduction losses for resonant converters are higher than those of conventional PWM 

converters on account of their resonant operations. Reduction of switching losses and 

conduction losses of the main converters switches have resolved for high-power density 

systems. Consequently, soft-switched PWM converters have been studied [2,3,5-8]. 

Because the soft switching of PWM converters has minimized switching losses, the 

converters generally have a high efficiency at high-frequency operations. However, these 

kinds of systems have been operated at the hard switching turn-off for auxiliary switches. 

This increases both the switching loss of the auxiliary switch and the noise of the 

converter. 

To obtain soft switching of the auxiliary switch, a soft-switched PWM converter that 

operates at a fixed frequency has been researched. The main and auxiliary switches of the 
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converter are softly switched at zero voltage and/or zero current conditions. However, a 

portion of the conduction period for the auxiliary switch is increased at a higher operating 

frequency. The turn-on conduction ratio between the auxiliary and main switches ranges 

from approximately one-fifth to one-tenth for 250 kHz [8]. 

In this paper we propose a family of soft-switched PWM converters with main and 

auxiliary switches that turn on at zero current and off at zero voltage. The pulse width of 

the auxiliary switch conduction period is minimized in these converters. To generalize the 

converters, two types of auxiliary cells are suggested. They have two saturable inductors, 

to reduce the reverse recovery effects of the diodes while satisfying the zero current turn-

on of the switches. To reduce the turn-on time of the auxiliary switch, the resonant 

operation of the converter is omitted. Because there is no resonant operation, the effective 

pulse width of the conduction current of the auxiliary switch can be reduced to as low as 

100 nsec. In an evaluation, the converter was applied to a PWM boost converter, which 

always satisfies the soft switching of main and auxiliary switches.  

 

2. Soft-Switched PWM Converter 

 
2.1 Converter Operation 

Figure 1 shows the circuit of the soft-switched PWM boost converter.  

 

Figure 1. Proposed Soft-Switched PWM Boost Converter 

The basic configuration of this converter is similar that of the conventional PWM boost 

converter. The proposed converter additionally has two diodes, an auxiliary switch and 

small ratings of two saturable inductors and a capacitor. In this converter, the main 

topology is the same as that of the conventional soft-switched converter. To reduce the 

auxiliary switch conduction time, the conventional converter changes the circuit [8]. In 

this paper, on the other hand, a different switching pattern is suggested to obtain the 

minimized conduction time of the auxiliary switch. 
 

2.2 Converter Switching 

The switching operation of the converter is divided into six modes, as shown in Figure 

2. The typical waveform of the soft-switched PWM converter is shown in Figure 3. In 

modes 0 and 4 of Figure 2, the switching of the main switch is similar to that of the 

conventional PWM converter. The main switch has a turn-on process during modes 1 

through 3, and a turn-off process during mode 5. In this analysis, the inductor current,𝑖𝐿, 

and output voltage, 𝑣0 , are assumed to be constant values, which are 𝐼𝐿 and 𝑉0 

respectively. 

The descriptions of the modes are summarized as follows. The turn-off switching is the 

same as that of the conventional zero-voltage-switching (ZVS) PWM converter[8]. 
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However, to reduce the conduction time of the auxiliary switch, the turn-on process 

differs from that of the conventional ZVS PWM converter. Summaries of the modes for 

the suggested switching pattern are presented below. Waveforms for the converter modes 

are shown in Figure 3. 

(1) Mode 0 (𝑡0−𝑡1𝑎 ): The main diode,𝐷𝑚, is conducting and all other switches are 

turned off, as shown in Figure 2 (a). Therefore, the inductor current,𝑖𝐿,is transferred to 

the load through the saturable inductor,𝐿r2, and main diode,𝐷𝑚. In this mode, the 

saturable inductor current,𝑖𝑟1, remains zero, and 𝑖𝑟2 is equal to 𝐼𝐿. The main switch 

voltage, 𝑣𝑠𝑚, continues to be 𝑉0.  

 

      
(a)                                        (b) 

      
(c)                                        (d) 

      
(e)                                        (f) 

Figure 2. Switching Operation of Converter with Six Modes 
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Figure 3. Switching Waveform of Converter 

(2) Mode 1 (t1a −  t2): This mode is divided into two parts as outlined below. 

ⓐ (t1a −  t1b) : To turn on the main switch, Sm , mode 1 starts when the auxiliary 

switch, Sa, triggers at time t1a. The saturable inductor current, 𝑖𝑟2, is increased by the 

following rate until 𝑖𝑟2 is saturated. 

𝑑𝑖𝑟1

𝑑𝑡
= − 

𝑉O

𝐿𝑟1
                                                         (1)  

Therefore, the current slope of the auxiliary switch, Sa, is the rate of equation (1). 

ⓑ(t1b −  t2): When the saturable inductor,  𝐿𝑟1, saturates, the current of 𝑖𝑟1 is 

abruptly increased until 𝐿r2becomes unsaturated. After 𝐿r2is unsaturated, the currents of 

𝑖𝑟1and 𝑖𝑟2are respectively increased and decreased by the rate of equation (2). They are: 

 
𝑑𝑖𝑟2

𝑑𝑡
 = −

𝑑𝑖𝑟1

𝑑𝑡
= − 

𝑉O

𝐿𝑟2
                                                 (2)                                                                         

 (3) Mode 2 (t2 −  t3  ): When 𝑖𝑟1reaches 𝐼𝐿 at t2 , the main diode current is 

decreased to zero. The slope of the reverse recovery current for the main diode, Dm, is 

limited by the slope of equation (2). Mode 2 begins when the main switch, Sm , is 

triggered on and the auxiliary switch, Sa, is triggered off at t2 as shown in Figure 3. 

Therefore, no resonant operation occurs during the turn-on process of the main switch Sm. 

Practically, the period between the turn-on of Sm and turn-off of Sa can be overlapped 

to prevent all main and auxiliary switches from turning off. Therefore, the main switch, 

Sm , can satisfy the zero current turn-on by overlapping on times of Sm and Sa . In this 

mode the energies of the saturable inductors are transferred to the capacitor, 𝐶𝑟  , until the 

capacitor voltage reaches the output voltage, 𝑉O . In this mode, the voltage of the 

capacitor, 𝐶𝑟 , should be increased by the following rate: 
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𝑑𝑣𝑐𝑟

𝑑𝑡
=

𝐼𝐿

𝐶𝑟
                                                            (3) 

Thus the turn-off slope of the auxiliary switch, Sa , is represented by equation (3).  

(4) Mode 3 (t3 −  t4b): When the capacitor voltage of 𝐶𝑟  is increased to the output 

voltage, 𝑉O , the energies of the saturable inductors, 𝐿𝑟1 and 𝐿𝑟2 , are transferred to the 

load through the diodes, Da1 and Da2 , until the inductor current of 𝐿𝑟1 is reduced to 

zero. The shape of the current, , 𝑖𝑟1 , is shown during mode 3 in Figure 3.  

(5) Mode 4 (t4b −  t5  ): Because Sa is triggered off, the main switch, Sm , is 

completely on at t4b in Figure 2(d). This mode is the same as the powering mode of the 

conventional PWM converter.  

(6) Mode 5 (t5 −  t6): When the main switch, Sm , is turned off at t5 , the slope of 

the voltage for the main switch is determined by capacitance  𝐶𝑟  . The slope is: 

𝑑𝑣𝑠𝑚

𝑑𝑡
 =  

𝐼L

𝐶𝑟
                                                          (4) 

In equation (4), the turn-off slope of the main diode depends on the capacitance, 𝐶𝑟  , 

and the load current, 𝐼L. Therefore we can design the slope by determining 𝐶𝑟  . One 

switching cycle of the PWM operation is completed from modes 0 to 5, and the next cycle 

is repeated by the same processes. 

 

3. Proposed Converter Characteristics  

Based on the analysis of the switch modes, the switching conditions of the switches 

are summarized in Table 1. 

3.1. Main Switch Sm  and Main Diode Dm 

The main switch, Sm , turns on at zero current by overlapping on times of Sm  and 

Sa , and turns off at zero voltage with the slope of equation (3), respectively. The main 

diode, Dm , turns off at zero current of 𝑖𝑟2 with the slope of equation (2), and it turns on 

at zero voltage with the slope of equation (4), respectively. The reverse recovery current 

of the main diode, Dm, is limited by the slope of equation (2). Therefore, soft switching 

of the main switches is realized, as summarized in Table 1. 

Table 1. Switching Conditions of the Switches 

Switches 
Turn-on 

conditions 

Turn-off 

conditions 

Sm Zero current Zero voltage 

Sa Zero current Zero voltage 

Dm 
Da1 
Da2 

Zero voltage 

Zero voltage 

Zero voltage 

Zero current 

Zero current 

Zero current 

 

3.2. Auxiliary Switch Sa and Diodes Da1, Da2 

The auxiliary switch, Sa, satisfies a zero-current turn-on with the slope of equation 

(1), and a zero-voltage turn-off with the slope of equation (3). The auxiliary diode, Da1, is 

turned on at zero voltage at time t2, and Da2 is turned on at zero voltage at time t3. The 

two diodes are simultaneously turned off with the satisfying zero-current condition with 

the slope of equation (2). This means that the reverse recovery currents of the two diodes 

are limited by the slope of equation (2). Therefore, soft switching of the auxiliary 

switches is additionally realized, as summarized in Table 1. 
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3.3 Minimization of Conduction Loss 

Because the main switch, Sm, turns on at time t2 before the resonant operation [8], 

no resonant operation exists between the saturable inductors and internal capacitance of 

the main switch. Therefore, the turn-on period of Sa can be minimized. The effective 

turn-on period is only t1b −  t2 during mode 1 because the current for t1𝒶 −  t1b is 

very low. Figure 4 represents the effective on time of the auxiliary switch,  Sa, in a 

comparison of the proposed type with the conventional type [8]. As shown in Figure 4(a), 

the effective turn-on time of Sa  is dramatically reduced by emitting the resonant 

operation. In Figure 4(b), the conduction time of Sa, is extended by the internal capacitor 

of the main switch and time tr,,  which is half the resonant period on account of the 

resonant operation for the saturable inductor, 𝐿𝑟2,.  

By eliminating the resonant operation, the zero-voltage turn-on of the main switch, 

Sm, must be sacrificed. However, the zero-current turn-on of the main switch, Sm, should 

nevertheless be operated by overlapping the times of switches Sm  and Sa , . The 

relatively low voltage operation of the converter due to the reduction of the conduction 

time for auxiliary switch Sa is more important for reducing the loss. 

        

(a)                                  (b) 

Figure 4. Effective On-Time of Auxiliary Switch 𝑺𝒂, in a Comparison of 
the (a) Proposed Converter and (b) Conventional Converter 

4. Family of Soft-Switched PWM Converters 
To generalize the PWM converter to soft-switched converters, which minimize the 

on-time of the auxiliary switch, two types of cells are suggested. Figure 5(a) shows cell 

type 1, which can be applied to the converter when the cathode of the main diode is 

connected to the highest voltage of the circuit such as a boost converter.  

        

(a)                                (b) 

Figure 5. Proposed Cell Type for Generalization of the Converter: (a) Cell 
Type 1; (b) Cell Type 2. 

Figure 5(b) shows cell type 2, which can be applied to converters when the anode of 

the main diode is connected to the lowest voltage of the circuit, such as in the single-

ended primary inductance converter (SEPIC) and buck, buck-boost, Cuk, and zeta 

converters. The connection methods of each cell are summarized in Table 2. As shown in 
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the table, we can also select N-channel metal-oxide semiconductor field-effect transistors 

(MOSFETs) when they are more convenient to implement. 

By applying the auxiliary cells to the converters, we can generate a family of soft-

switched PWM converters with the minimized on-time of the auxiliary switch. The family 

has buck, boost, buck-boost, Cuk, SEPIC, and zeta converters. As shown in Figure 6, the 

Cuk and SEPIC converters have P-channel power MOSFETs for convenient 

implementation. However, we can additionally use N-channel power MOSFETs for the 

Cuk and SEPIC converters.  

              

(a)                               (b) 

              

(a)                                (d) 

              

(e)                                 (f) 

Figure 6. General Converter Topologies: (a) Buck; (b) Boost (c) Buck-Boost; 
(d) Cuk; (e) SEPIC; (f) Zeta. 

Table 2. Soft Switching Cell Types. 

Cell type Cell type 1    Cell type 2 

Main diode 

connection 

 

Cathode of main diode is connected to highest 

voltage position for applying circuit 

Anode of main diode is connected to lowest voltage 

position for applying circuit 

a Serial connection at inductor Serial connection at inductor 

b 

 

 

c 

d 

 

Connected at drain when main switch is N-channel 

MOSFET, and at source when main switch is P-

channel MOSFET 

Connected at cathode of main diode 

Connected at source when main switch is N-

channel MOSFET, and at drain when main switch 

is P-channel MOSFET 

Connected at drain when main switch is N-channel 

MOSFET, and at source when main switch is P-

channel MOSFET 

Connected at anode of main diode 

Connected at source when main switch is N-

channel MOSFET, and at drain when main switch 

is P-channel MOSFET 

 

The converters in the family shown in Figure 6 have almost the same characteristics as 

the boost-type converter, which is discussed above. Their key waveforms are also similar 

to those of the boost-type converter. 
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5. Experimental Results 

For the experimental verification of soft-switching characteristics and minimization of 

conduction loss of the auxiliary switch, the prototype circuit of Figure 1 was implemented, 

as shown in Figure 7. In the figure, the converter operates at 250 kHz and a duty ratio of 

0.5. Additionally, the capacitance of 𝐶𝑟 is designed by 4.7 nF. In this condition, the 

voltage slopes of the main and auxiliary switches are limited by 100 V per 100 nsec. 

 

Figure 7. General topologies of the converter 

             

(a)                                       (b) 

Figure 8. Converter Waveform: (a) First Trace, 𝒗𝒔𝒂: 50 V/div; Second Trace, 

𝒗𝒔𝒎 : 50 V/div; Third Trace, 𝒊𝒓𝟏 : 5 A/div, and Fourth Trace, 𝒗𝒈𝒂: 10 V/div. (b) 

First Trace, 𝒗𝒔𝒂 : 50 V/div; Second Trace, 𝒗𝒔𝒎 : 50 V/div; Third Trace, 𝒊𝒓𝟐 : 

5 A/div, and Fourth Trace, 𝒗𝒈𝒎: 10 V/div. 

Figure 8 shows the waveform of the converter. Figure 8(a) shows 𝑣𝑠𝑎, 𝑣𝑠𝑚, 𝑖𝑟1 and 

gate signal 𝑣𝑔a. Figure 8(b) represents 𝑣𝑠𝑎, 𝑣𝑠𝑚, , 𝑖𝑟2 and gate signal 𝑣𝑔𝑚. Figure 8 

shows that the main and auxiliary switches are softly turned on and off and the width of 

𝑖𝑟1 is as low as approximately 200 nsec. The effective turn-on period of auxiliary switch 

Sa is dramatically reduced to approximately 100 nsec. Therefore, the effective turn-on 

period of Sa can be reduced to as low as 1/20 for the total turn-on period of the main 

switch for the half-duty ratio. 

Figure 9 represents the efficiency curves as a function of output power. The efficiency 

is above 95.5 % from 150 to 250 W load. Furthermore, it is always higher than 94.5 % 

from 100 to 300 W load. In this experiment, the small saturation current inductor, 𝐿𝑟1 is 

was inserted instead of a relatively larger saturable inductance [8]. This is another 

contributing factor for the increasing efficiency of the converter. In this application, a 

spike killer is the best solution for the saturable inductor because it caused minimal heat 

during the experiment. 
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Figure 9. Efficiency for Load Current at 28 Voltage-Direct-Current (VDC) 
Input Voltage 

6. Conclusions 

In this paper we proposed a family of soft-switched PWM converters with main and 

auxiliary switches that turn on at zero current and off at zero voltage. The pulse width of 

the conduction period of the auxiliary switch is minimized in these converters. To 

generalize the converters, a family of two types of auxiliary cells was suggested. These 

have two saturable inductors, which are operated to reduce the reverse-recovery current of 

the diodes while satisfying the zero-current turn-on of the switches. 

The soft switching and pulse-width reduction of the auxiliary switch were verified for a 

250-kHz operation of the boost-type converter. In this experiment, the two saturable 

inductors were operated to reduce the reverse-recovery current of the diodes while 

satisfying the zero-current turn-on of the switches, as mentioned above. Because no 

resonant operation existed, the pulse width of the conduction current could be reduced to 

100 nsec. This width is approximately 1/20 of the main switch for the half-duty ratio of 

the 250-kHz operation. 
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