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Abstract 
In this paper, a zero-voltage transition PWM 
synchronous buck converter, which is 
designed to operate at low output voltage and 
high efficiency typically required for portable 
systems. To make the DC-DC converter 
efficient at lower voltage, synchronous 
converter is an obvious choice because of 
lower conduction loss in the diode. The high-
side IGBT is dominated by the switching loses 
and it is eliminated by the soft switching 
technique. Additionally, the resonant 
auxiliary circuit designed is also devoid of the 
switching losses. The suggested procedure 
ensures an efficient converter. Theoretical 
analysis, computer simulations are presented 
to explain the proposed schemes.  
Index Terms: DC-DC Converter, IGBT, 
Switching loss, Synchronous Buck, Soft 
switching, ZVT. 
 

1. INTRODUCTION 
The next generation of portable products, such as 
personal communicators and digital assistants, 
has demanded improvement in dc-dc converter 
topology in order to increase battery life time and 
enable smaller, cheaper systems. Since many 
portable devices operate in low-power reserve 
modes for a majority of the time they are on, 
increasing light load converter efficiency can 
significantly increase battery life time. A key 
element in this task, especially at low output 
voltages that future microprocessor and memory 
chips will need, is the synchronous rectifier. The 
synchronous rectifier buck converter is popular 
for low-voltage power conversion because of its 

high efficiency and reduced area consumption. 
[3], [9], [12], [21], and [25].  A synchronous 
rectifier is an electronic switch that improves 
power-converter efficiency by placing a low-
resistance conduction path across the diode 
rectifier in a switch-mode regulator. IGBT 
usually serve this purpose. 
 However, high input voltages and lower 
output voltages have brought about very low 
duty cycles, increasing switching losses and 
decreasing conversion efficiency. So in this 
paper we have optimized the efficiency of the 
synchronous buck converter by eliminating 
switching losses using soft switching technique. 
The voltage-mode soft-switching method that 
has attracted most interest in recent years is the 
zero voltage transition [1], [2], [4]-[8], [10], [11], 
[13]-[20], [22]-[24], [26]-[27], [29]. This is 
because of its low additional conduction losses 
and because its operation is closest to the PWM 
converters.  
 The auxiliary circuit of the ZVT 
converters is activated just before the main 
switch is turned and cease after it is 
consummated. The components in this auxiliary 
circuit have low rating as compare to main 
circuit. Because this circuit active in a fraction of 
switching cycle. Previously proposed ZVT-
PWM converters have at least one of the 
following key drawbacks. 
 
 1) The auxiliary switch turned off  while 
the current is conducting. This causes EMI and 
switching losses to appear that offsets the 
benefits of using the auxiliary circuit. . In 
converters such as the ones proposed in [2], [10], 
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[14] and [15] the turn off is very hard. 
 
 2)  The auxiliary circuit causes the main 
converter switch to operate with a higher current 
stress and with more circulating current. This 
results in the need for a higher current-rated 
device for the main switch, and an increase in 
conduction losses. The converters proposed in 
[3], [6], [8], [11], [12], and [16] the current 
stresses are very high on the main switch 
 
           3) The auxiliary circuit components have 
high voltage and/or current stresses. Such as 
converters proposed in [1], [5], [6] and [13], [16]. 
The converter proposed in [23] and [28] reduces 
the current stress on the main switch, but circuit 
is very complex. Reducing switching losses for 
low power circuit such as synchronous buck is 
not known to be present in the literatures [1]-[24] 
and [26]-[29] 
 The converter shown in Fig.1 is designed 
for a low voltage, high current circuit and found 
to be highly efficient. Hence, this paper presents 
a new class of ZVT synchronous buck converter. 
By using a resonant auxiliary network in parallel 
with the main switch, the proposed converters 
achieve zero-voltage switching for the main 
switch and synchronous switch and zero-current 
switching for the auxiliary switch without 
increasing their voltage and current stresses. 

This paper organized as follows: The next 
section gives review of the various modes of 
operation with their key waveforms and the 
representation of their equivalent operation 
modes. Section III presents the design 
considerations and Section IV includes 
simulation results of both open loop and closed 
loop. Section V includes some conclusions. 

 
 
  Fig. 1.1 Proposed converter circuit 
 

2. ANALYSIS AND OPERATION 
PRINCIPLE 
2.1. DEFINITIONS AND ASSUMPTIONS 
The circuit scheme of the proposed new ZVT 
synchronous buck converter is shown in Fig.1.1 
The auxiliary circuit consists of switch S1, 
resonant capacitor Cr, Resonant inductor Lr. The 
auxiliary circuit operates only during a short 
switching transition time to create ZVS condition 
for the main switch. The body diode of the main 
switch is also utilized in the converter. A high 
frequency schottky diode Ds is used for 
discharging the capacitor voltage to the output, 
which happens before the turn on of the 
synchronous switch. During one switching cycle, 
the following assumptions are made in order to 
simplify the steady-state analysis of the circuit 
shown in Fig.1.1. 
 Input Voltage Vi is constant. 
 Output Voltage Vo is constant or output 

Capacitor Co is large enough. 
 Output Current Io is constant or output 

Inductor Lo is large enough. 
 Output Inductor Lo is much larger than 

resonant circuit inductor Lr. 
 Resonant circuits are ideal. 
 Semiconductor devices are ideal. 
 Reserve recovery time of all diodes is 

ignored. 
 
2.2. MODES OF OPERATION 
Eight stages take place in the steady-state 
operation during one switching cycle in the 
proposed converter. The key waveforms of these 
stages are given in figure 2.1. The detailed 
analysis of every stage is presented below: 

Mode 1 (to, t1): Prior to t = t0, the body diode of 
S2 was conducting; main switch S and auxiliary 
switch S1 are turned-off. At t0, the auxiliary 
switch S1 is turned on which realizes zero-
current turn-on as it is in series with the resonant 
inductor Lr. The current through resonant 
inductor Lr and resonant capacitor Cr rise at the 
same rate as falls of current through iS2. 

              Resonance occurs between Lr and Cr 
during this mode. The mode ends at t = t1, when  
iLr reaches I0 and iS2 falls to zero in result the 
body diode of S2 stops conducting. The voltage 
and current expressions which govern this circuit 
mode are given by: 

           iS2 = I0 – iLr  (2.1)   
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iLr (t-t0)  =   Vi  Sin ω	( t-t0)     (2.2) 
                Z    

ω =      1      = Resonant frequency 
       √LrCr  
 
Z = √ /  = Characteristic impedance  
 
VCr (t1- t0) = VCr1   (2.3) 
 
iLr (t1- t0) = I0             (2.4) 
 
t01 = t1 – t0 = 1 sin-1 (I0Z)    

        ω     (Vs)               (2.5)             
 

Fig. 2.1 Key theoretical waveforms concerning 
the operation stages. 

 

 

                  Fig 2.2 Modes of operations 

Mode 2 ( t1, t2): Lr and Cr continue to resonate. 
At t1, the synchronous switch S2 is turned on 
under ZVS. This mode is made to end by turning 
off the switch S2 under ZVS, when iLr current 
reaches to it maximum value i.e. iLrmax. 
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iS2 = iLr – I0   (2.6) 
 
iLr (t-t1)  =  Vs-Vcr1  sin ω (t-t1) + I0 cos ω (t-t1) 
        Z   (2.7) 
At t = t2 , 
 
iLr (t2-t1) = ILrmax    (2.8) 
 

t12 = 2 {tan-1(Vs-Vcr1)}    
        ω              (I0Z)                  (2.9) 

 
Vcr (t2-t1) = Vcr2    (2.10) 
 
Mode 3 (t2, t3): At t2, iLr reaches its peak value 
iLrmax. Since iLr is more than load current I0, 
the capacitor CS will be charged and discharge 
through body diode of main switch S, which 
leads to conduction of body diode. This mode 
ends when resonant current iLr falls to load 
current I0. So current through body diode of 
main switch S becomes zero which results turned 
off of body diode. At the same time the main 
switch S is turned on under ZVS. The voltage 
and current expressions for this mode are: 

iLr ( t-t2 ) =   - Vcr2/Z  Sin ω ( t-t2 ) + ILrmax Cos ω 
( t-t2 )                   (2.11) 
                        
t23 = 1  [tan-1 (ILrmaxZ) – Sin-1( I0 )]       
        ω                 (Vcr2)                    (2.12)            
At t = t3   

iLr ( t23 ) = I0                       (2.13) 
Vcr( t23 ) = Vcr3     (2.14) 
 
Mode 4 (t3, t4): At t3, the main switch is turned-
on with ZVS. During this stage the growth rate 
of is, is determined by the resonance between Lr 
and Cr. The resonant process continues in this 
mode and the current iLr continue to decrease. 
This mode ends when iLr falls to zero and S1 can 
be  turned-off with ZCS. The voltage and current 
expressions for this mode are: 

iLr( t-t3 ) = - Vcr3 Sin ω ( t-t3 ) + I0 Cos ω ( t-t3 )
        Z   (2.15) 
                                                        
At t = t4   

iLr = 0   (2.16) 

t34 = tan-1 (I0Z)/ (Vcr3)    (2.17) 
                
Vcr ( t4) = Vcr max   (2.18) 

Mode 5 (t4, t5): At t4, the auxiliary switch S1 is 
turned off with ZCS. The body diode of S1 
begins to conduct due to resonant capacitor Cr 
which starts to discharge. The resonant current 
iLr rises in the reverse direction, reaches a 
maximum negative and increases to zero. At this 
moment the body diode of S1 is turned off and 
the mode ends. The voltage and current 
equations for this mode are given by: 

iLr( t-t4 ) = Vcrmax Sin ω( t-t4 )    
                            Z    (2.19) 
At t = t5   
iLr( t5 ) = 0   (2.20) 
t45 = π  
        ω     
       
Vcr( t5) = - Vcr4     (2.21) 
 
Mode 6 (t5, t6): Since the body diode of S1 has 
turned off at t5, now only the main switch S  
carries the load current. There is no resonance in 
this mode and the circuit operation is identical to 
a conventional PWM buck converter. The 
voltage and current equations for this mode are 
given by: 

iS = I0     (2.22) 
iLr(t6) = 0               (2.23) 
 
Vcr(t6) = - Vcr4     (2.24) 
 
Mode 7 (t6, t7): At t6, the main switch S is turned 
off with ZVS. The schottky diode D starts 
conducting. The resonant energy stored in the 
capacitor Cr starts discharging to the load 
through the high frequency schottky diode Ds for 
a very short period of time, hence body – diode 
conduction losses and drop in output voltage is 
too low. This mode finishes when Cr is fully 
discharged. The equations that define this mode 
are given by: 

Vcr ( t-t6 ) = -Vcr4 + I0 ( t-t6 )    
    Cr               (2.25) 
 At t = t7   
Vcr ( t7 ) = 0    (2.26) 
  t67 = Cr Vcr4/ I0      (2.27) 
 
Mode 8 (t7, t8):              At t7, the body diode of 
switch S2 is on as soon as Cr is fully discharged 
and  schottky diode is turned off under ZVS. 
Dead time loss is negligibly small compared to 
the conventional synchronous buck converter. 
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During this mode, the converter operates like a 
conventional PWM buck converter until the 
switch S1 is turned on in the next switching 
cycle. The equation that defines this mode is 
given by: 

              is2 = I0   (2.28) 
 

3.DESIGN PROCEDURE 

 Thus it is more significant to focus on 
design procedures of the auxiliary circuit. The 
resonant inductor, resonant capacitor, and the 
delay time of the auxiliary switch are the most 
important components when designing the 
auxiliary circuit. The proposed auxiliary 
resonant circuit provides soft switching 
conditions for the main transistor. 
 
3.1.. DELAY TIME  (TD) 
 The on time of auxiliary switch (S1) 
must be shorter than one tenth of the switching 
period. 
TD =Ts/10             (3.1) 
 
3.2. CURRENT STRESS FACTOR (a) 
 The current stress factor of the auxiliary 
switch is defined as 
 a = ILrm/Iin(max)    (3.2) 
but the limit of current stress factor is in 
between 1 to 1.5. 
 
3.3  RESONANT CAPACITOR (Cr) 
The resonant capacitor can be expressed as  
(Cr)= (a-1)^2*Iinm*Td/[V0(1+pi/2(a-1))  (3.3) 
 
3.4. RESONANT INDUCTOR (Lr) 
 The resonant inductor is given by 
(Lr)=V0*Td/[Iinm(1+pi/2(a-1))]         (3.4) 
 
 4. SIMULATION MODEL AND RESULTS  
  The Zero Voltage Transition 
Synchronous Buck converter can be 
implemented with the help of MATrix 
LABoratory [MATLAB] Simulink Version 
2010a. The components of the circuit are taken 
from the Simulink tool box. The major 
parameters and components are given in table 1 
 
 
 
 
 
 
 

Table 4.1: Simulation components 
 
        
          Components 

Simulation       
values 

Main switch, S Ideal 
Auxiliary Switch, S1 Ideal 
Synchronous switch, S2 Ideal 
Schottky Diode, Ds Ideal 
Capacitance, Cs 0.05nF 
Resonant Inductor, Lr 200nH 
Resonant Capacitor, Cr 0.2µF 
Output Capacitor, Co 100µF 

 
4.1. OPEN LOOP 
Pulse generator generates the pulse for the 
switching devices with delay or without delay 
based on our requirements. The output voltage 
and other measuring instrument voltages and 
pulse are converted into graphical user interface 
by Scope. The Simulink model of Zero Voltage 
Transition Synchronous Buck converter is given 
by 

 
Fig 4.1 Open loop simulation 
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It consists of pulse generators, input voltage, 
resonant inductance and capacitance, output 
inductance and capacitance, resonant capacitor 
voltage ,resonant inductor current and output 
voltage.  
 When the inductor current reaches its 
maximum value, the voltage becomes zero, at 
this moment, the main switch get turn ON, its 
synchronous switch get turned OFF. The ZVS 
condition was achieved. When auxiliary switch 
is turned off when the inductor current reaches 
zero, hence ZCS condition was achieved too. 
When inductor current reaches its negative 
maximum, the voltage across Cr reaches its 
maximum value. 

 
 Fig. 4.2 Open loop waveform results 
             
The fig 4.5 shows the status of switches, 
Resonant inductor current, capacitor voltage and 
output dc voltage of a Zero voltage transition 
synchronous buck converter with an input of 12 
v of duty cycle 80% with a resistive load. The 
main and synchronous switches changed their 
status by zero voltage, termed as zero voltage 
switching. The auxiliary switch will turn off by 
zero current in the inductor. The switching 
frequency of all the IGBT are in 200Khz.The 
resonant frequency can be calculated from Lr, Cr 
values.  
             The output voltage is stepped down from 
the input voltage as the action of buck is 
achieved. The capacitor attains its maximum 

voltage, when the inductor crosses its negative 
maximum. 
4.2. VARYING DUTY CYCLE 
Load=100ohm, Input Voltage =12v 

Table 4.2 Duty cycle Vs Output voltage  

SL.NO DUTY 
CYCLE(%) 

OUTPUT 
VOLTAGE(V)

1             40           6.3 
2             50           7.6 
3             60           7.8 
4             70           8.9 
5             80           9.3 

4.3. VARYING INPUT VOLTAGE 
Load=100ohm, Duty Cycle=80% 

Table 4.3 Input voltages  

SL.NO INPUT 
VOLATGE(V) 

OUTPUT 
VOLTAGE(V)

1          10         7.7 
2          12         9.3 
3          15         11.7 
4          20         15.8 
5          24         19.0 

 

4.5. CLOSED LOOP 

The closed loop simulation result is given below 

 
        Fig 4.3 Closed loop simulation 
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In closed loop the output voltage will be compare 
to in one reference value. That reference value is 
given via relative operator. 

4.6. VARYING VOLTAGE 
The varying voltages with respect to the 
reference value in closed loop is given below 
table 
Table 4.4 Varying Voltage 

SL.NO      Vin 
     (volt) 

  Vref 
  (volt) 

   Vout 
   (volt) 

1      10      8 7.507 
2      12      8 7.876 
3      12      10 9.31 
4      15      10 10.6 

 

5. CONCLUSION 
ZVS buck converter is an efficient step down 
DC-DC converter used in numerous electronics 
devices. Also the waveforms across capacitors 
and various test points were obtained, studied 
and compared with the theoretical waveforms. A 
ZVS Circuit was realized and its waveforms 
were observed. Parasitic capacitance of the 
transistor and the diode parasitic inductances of 
connections are all parts of the resonant circuit. 
          Switching of the transistor and the 
rectifying diode at zero voltage in the converter 
enables high operating frequency of the system 
while high energy efficiency is maintained. The 
range of the converter’s operating frequency, in 
which ZVS switching is assured, is variable and 
dependent on the load resistance. ZVS buck 
converter generates dc voltage which can be 
applied in power supply system where high 
energy efficiency is required.  
 
 FUTURE SCOPE  
            To eliminate the errors, the output can be 
fed to the input through Fuzzy Logic  controllers, 
so that the overall efficiency can be improved. 
           And also improve same via hardware 
implementation. 
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