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Quasi-Resonant Full-Wave Zero-Current
Switching Buck Converter Design, Simulation
and Application

G. Yanik and E. Isen

Abstract—This paper presents a full wave quasi-resonant zero-
current switching buck converter design, simulation and
application. The converter control uses with zero-current
switching (ZCS) technique to decrease the switching losses.
Comparing to conventional buck converter, resonant buck
converter includes a resonant tank equipped with resonant
inductor and capacitor. The converter is analyzed in
mathematical for each subintervals. Depending on the desired
input and output electrical quantities, converter is designed with
subinterval equations. The converter is simulated in PSIM with
design parameters. The simulation results are verified with
experimental setup. The converter is controlled by UC3867N
integrated resonant mode power supply controller.

Index Terms—Buck converter,
current switching,

resonant converter, zero

I. INTRODUCTION

HE switching frequency or output filter components

values must be increased to improve the output
performance of conventional hard switching PWM DC-DC
converters. Increased switching frequency causes increase in
switching losses and electromagnetic noise. Furthermore,
more losses cause warming problems, thus bigger heat sink or
higher current capacity switching device usage is needed. To
solve the problems occurs during switching zero-current
switching (ZCS) and zero-voltage switching (ZVS) techniques
have been improved [1]-[3]. Using a series connected inductor
and a parallel connected capacitor to switching device ZCS
and ZVS techniques can be applied [4]. In addition, these soft
switching techniques can be applied with resonant circuits [5].
The switch current is decreased to zero with resonant, and then
switching signal is off to turn-off the switching device. Thus,
switching loss could be significantly decreased with ZCS. In
ZVS technique, the voltage on the switch is forced to be zero
with resonant before turn-on. When the current decreases to
zero, switching signal is applied to turn-on the switch. Hence,
the loss occurs during the turn-on greatly decreased [6].
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Soft switching techniques are mostly used in DC-DC
converters, such as buck converter, boost converter [7],[8].
The placed resonant circuit between output filter and input
source is utilized to force the current and voltage to become
zero. The resonant circuits are classified in three categories,
conventional, quasi-resonant and multi-resonant.

Quasi-resonant converters can be performed as half-wave
[9] and full-wave [10]. Considering the quasi-resonant buck
converter, conventional buck converter can be worked with
resonant by connecting a series inductor to the switch utilized
in the input and a parallel capacitor to the output diode. While
a unidirectional switching device is used in half-wave quasi-
resonant converter, bidirectional switching device is used in
full-wave quasi-resonant converter. Operating principle is the
same for both converters. However, reverse inductor current
can flow through the anti-parallel diode of switch, thus
resonant interval increases. Therefore, this condition lets
resonant energy be transferred back to input source in low
load operating, and the dependence of output voltage to the
load decreases. As a result, use of quasi-resonant converter
instead of conventional DC-DC converter provides low
switching losses, high efficiency, ability of working in higher
frequencies, low EMI and low value of output filter elements.

In this study, 60 W quasi-resonant full-wave (QRFW) zero-
current switching (ZCS) buck converter is analyzed, simulated
and implemented. Operating intervals of the converter are
examined, circuit equations for each interval are derived and
circuit parameters are calculated. The converter is simulated
with calculated parameters and the simulation results are
verified with experimental results.

Il. SERIES RESONANT CIRCUITS

In this section, operating principle of series resonant circuits
is explained to understand quasi-resonant full-wave converter
operating. As shown in Fig. 1, series resonant circuit includes
series connected an inductor and a capacitor. When the input
voltage is applied to resonant circuit, a resonant occurs
between these resonant elements. Circuit equations during the
resonant are given in (1)-(3) and waveforms are shown Fig. 2.
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Fig. 1. Series resonant circuit

V,
i, =1, coswt+gT°°sin ot 1)
Vi =(V, —Vo)cosat —Zl sin wt 2)
Ve =—(V, —Vgo)cosat +ZI ,sinat +V, (3)
IL

/\_/

VL

Vg ==

Vg

Ve

2*Vg

0 0.0001 0.0002 0.0002 0.0004 0.0005
Time (ms)

Fig. 2. Series resonant circuit waveforms

I1l. THEORETICAL ANALYSIS

QRFW buck converter is a special version of the traditional
buck converter that uses resonant intervals to ensure soft
switching of the semiconductor device. In this section,
operation principle of the QRFW buck converter that is shown
in Fig. 3 along with subintervals of the converter will be
analyzed.
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Fig. 3. Full Wave Quasi Resonant Buck Converter Topology

Before subinterval 1, converter is assumed to be working in
steady state. Inductor current and output voltage are set to
nominal values. The output diode D conducts the filter
inductor current I, Filter inductor is assumed to be so large
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that output current I ¢ is constant during one switching cycle.
Subinterval 1 starts with the signal applied to the switch Q.

A. Subinterval 1

The switch Q turns on and input voltage V is applied to the
resonant inductor L. Therefore, resonant inductor current rises
linearly, with the slope of V/L and diode current decreases
from I to zero, with the same slope. Switch current increases
linearly with a slightly slow slope, therefore ZCS turn on of
the switch is provided. Fig. 4 shows the subcircuit in this
interval.
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Fig. 4. Subcircuit in subinterval 1
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When resonant inductor current reaches to I sand the diode
turns off, this interval ends.

B. Subinterval 2

Fig. 5 shows the subcircuit in this interval. In the input side
of the converter, a series resonant tank occurs where L and C
are the resonant elements.
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Fig. 5. Subcircuit in subinterval 2

Resonant inductor has initial current I s and inductor current
continues to increase in sinusoidal. Resonant capacitor voltage
also starts to increase, simultaneously. Related state equations
can be calculated from (1) and (3).

Vv,
I, =1, +?gsma)t (6)

Ve =V, -V, cos ot @)

When inductor current decreases to zero, this interval ends.
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C. Subinterval 3

Fig. 6 shows subcircuit in this interval. As it is seen in the
figure, the subcircuit is the same with the previous subinterval
but resonant inductor and resonant capacitor currents are
reversed.
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Fig. 6. Subcircuit in subinterval 3

In the beginning of this interval, a negative ringing between
resonant elements starts. Resonant current flows through the
body diode of the switch. This is the ZCS interval where
control signal applied to the switch must be cut off to ensure
turn the switch off with ZCS. State equations of the resonant
elements are the same with the previous one and given below.

\ A
I, =1, +?gsma)t (8)

Ve =V, -V, cosat 9
This interval ends when resonant current reaches to zero.

D. Subinterval 4

The subcircuit of this interval is shown in Fig. 7. At the start
of this interval, resonant capacitor is not discharged
completely therefore, output current I, ¢ flows through resonant
capacitor, discharging it linearly with the slope of 14/C.
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Fig. 7. Subcircuit in subinterval 4
State equations of the resonant elements are given below.

I, =0 (10)

|
Lf
V, =

c (11)

This interval ends when capacitor voltage decreases to zero
and output diode turns on.

E. Subinterval 5
When capacitor voltage decreases to zero, output inductor
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current turns on the diode. Corresponding subcircuit is shown
in Fig. 8. This subinterval is the off state of the traditional
converter. Output current is conducted by the diode and this
interval ends when the switch is back on. Unlike the
traditional buck converter, this subinterval is the control
interval. In the traditional buck converter, duration of the on
state of the switch controls output voltage. In QRFW buck
converter, off stage duration is adjusted to control the output
voltage. Therefore, the on time of the switch is constant and
defined by the resonant elements.
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Fig. 8. Subcircuit in subinterval 5
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Theoretical waveforms of the resonant tank are shown in
Fig. 9.
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IV. DESIGN CONSIDERATION

To design any SMPS circuit, output power, input and output
voltages and switching frequency must be considered. These
parameters of the designed converter are shown in TABLE 1.

TABLE |
DESIGN CONSIDERATION
Symbol Quantity Value
Po Output power 60 W
A Input voltage 48V
Vo Output voltage 12V
fs Switching frequency 200 kHz

In a QR converter, values of the resonant elements are
crucial for the operation. In this section, selections of the
resonant elements are explained.

In the second interval of the converter, a series resonant
circuit tank, loaded with a current source, occurs as shown in
Fig. 10.
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Fig. 10. Series resonant tank loaded with constant current source

In this resonant circuit, resonant inductor current is

calculated as below.

vy
I, =1y +—F=sinet (12)

e
C
In a QRFW buck converter, current source value must be
lower than resonant current peak level to ensure negative
ringing, where switch signal will be cut off. Output current is
selected as 5 Amps due to the output power and voltage.
Therefore, resonant tank current must be greater than 5.

| >5 (13)

Lres( peak)

(14)

Vv
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I e
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Conversation ratio of the QRFW buck converter is as given
below.

(15)

For the minimum load, the switching frequency is selected
200 kHz. Therefore,

12

o 200000-2774/LC = /LC =198-10°° (16)

Depending on the (14) and (16), calculated resonant elements
are given TABLE I1.

TABLE Il
RESONANT ELEMENTS

Quantity Value

Resonant inductor
Resonant capacitor

0.85 uH
47 nF

V. SIMULATION STUDY

Simulation study of the designed converter has been
performed in PSIM simulation software. Fig. 11 shows the
simulation circuit.

For the closed loop operation, a voltage controlled oscillator
is needed to control circuit but this type of a control block is
not present in software library. To obtain close loop operation
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Fig. 11. Simulation circuit

result in simulation, this type of controlled must be designed.

In the designed controller, principle of a capacitor’s linear
charging with a constant current is used. The capacitor is
charged with a constant current source. Then, when the
capacitor voltage exceeded a pre-defined limit, another current
source starts to discharge capacitor and so capacitor voltage
decreases linearly. Second current source is a voltage
controlled current source so that a compensating voltage in the
output of the closed loop error amplifier will be controlling
discharge current of the capacitor.

If the voltage on the capacitor is compared with a constant
DC voltage, a desired PWM will be obtained. Frequency of
this PWM can be controlled with discharge current. In a
ZCSHW buck converter, a frequency controlled fixed on time
PWM signal is needed to control output voltage. Although
variable frequency is obtained by the described method, on
time of the controlled is still varies along frequency. Fig. 12
shows capacitor voltage with reference voltage and PWM
signal. As shown in figure, only positive slope of the
triangular capacitor voltage must be compared with reference

voltage.

F Mod.Vref f Mod.Vcap PWM

0.003065 0.00307
Time (s)

Fig. 12. Controlled capacitor voltage with reference voltage and PWM signal

0.00306

To compare reference voltage with positive slope only,
positive slope on the capacitor voltage must be detected.
Derivative of the capacitor voltage will give the slope value. If
the derivative of the capacitor voltage is positive, this means
capacitor is charging. To use only sign not the value of this
derivative, upper and lower limit block is used. Positive
derivative gives high signal, and negative derivative gives low
signal. The reference and capacitor voltage are compared, and
so a signal is generated when reference is higher than
capacitor voltage. The output signal is generated with given to
AND integrated circuit of obtained signal and a signal of
derivative slope. As a result, a fixed on time and variable
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frequency PWM signal is obtained where frequency of the
signal is controlled with input voltage.

Resonant tank waveforms obtained from simulation study is
shown in Fig. 13. Obtained waveforms are completely
matching the theoretical analysis.

MOSFET drain source voltage versus drain current which is
equal to resonant inductor current is shown in Fig. 14. In the
turn-on process of the MOSFET, collision between this
current and voltage is very small due to series inductor; hence
turn-on switching losses are very small. In the turn-off process
of the MOSFET, there are no collisions between voltage and
current, so switching loss at turn off process is zero.
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Fig. 13. Resonant tank waveforms and corresponding control signal
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Fig. 14. MOSFET voltage versus MOSFET current

Fig. 15 shows compensated output voltage corresponding to
change in output current. As can be seen in the figure,
whenever output current changes from half load to full load or
from full load to half load, output voltage is settles back the

desired value after a small drop or a small overshoot.
Vout

30

0 0.004
Time (s)
Fig. 15. Output voltage corresponding to step change in output current
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VI. EXPERIMENTAL RESULTS

In this section experimental results are given and discussed.
Fig. 16 shows oscilloscope plot of the inductor current and
Vps voltage on MOSFET. A very high frequency ringing on
MOSFET voltage can be seen in the plot. This ringing occurs
when MOSFET turns off due to the resonant between
MOSFET’s parasitic capacitor and resonant inductor.
Resonant inductor current increases further than expected in
positive direction after negative ringing in resonant tank.

To prevent this parasitic ringing, a RC snubber is added to
the circuit. Fig. 17 shows the inductor current and Vps voltage
on MOSFET after the RC snubber. As it is seen in the figure,
the parasitic ringing is eliminated with the RC snubber.
Resonant inductor current, capacitor voltage and MOSFET
gate signal is shown in Fig. 18.
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Fig. 16. Ih&uctor current and Vps voltage of MOSFET
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Fig. 17. Inductor current, Vps voltage after the RC snubber and MOSFET gate
signal
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Output voltage and current for open loop operation can be
seen in Fig. 19. Closed loop operation of the converter for a
positive step in the output current is shown in Fig. 20. After
output current rises from half load to full load, output voltage
drops for a short time and settles back to desired level. Output
voltage response to a negative step in output current is shown
in Fig. 21. Output voltage overshoots for a short period of time
then settles back to desired level after change in the output
current.
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Fig. 20. Output voltage corresponding to positive step in output current
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Fig. 21. Output voltage correspondmg to negative step in output current

Change in the resonant inductor current for a positive step
in output current is shown in Fig. 22 and for a negative step in
output current is shown in Fig. 23.
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Fig. 22. Resonant mductor current change corresponding to positive step in
output current
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Fig. 23. Resonant mductor current change corresponding to negative step in
output current
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VII. CONCLUSION

In this study, a 60 W quasi-resonant full-wave zero-current
switching buck converter design, simulation and experimental
results are given. Although all unwanted parasitic effects on
waveforms, desired result is obtained with the experimental
setup. Output voltage can be controlled with switching
frequency and a well filtered DC voltage with desired value
can be obtained in output. Converter can regulate output
voltage when the load current changes. Measured efficiency of
the experimental setup is around %85. Resonant elements are
crucial for a quasi-resonant converter. For a switching
frequency around 200 kHz, resonant tank elements are very
small, and so it is very hard to measure these elements with a
LCR meter. Measurement error and a small change in this
element’s values, due to the external factors such as
temperature, may cause major problems in operation of the
converter. PCB design of such a converter has a major effect
in operation. High frequency effects on every element must be
considered during PCB design process. An air inductor is used
for the resonant inductor. Although expected result has been
obtained, the effects of an air inductor, such as EMI, should be
investigated.
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