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Implementation and Simulation of Half-Bridge Series
Resonant Inverter in Zero Voltage Switching
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Abstract—In switch mode power inverters, small sized inverters

can be obtained by increasing the switching frequency. Switching
di

frequency increment causes high driver losses. Also, high ' and

dv
‘4t produced by the switching action creates high Electromagnetic

Interference (EMI) and Radio Frequency Interference (RFI). In this
paper, a series half bridge series resonant inverter circuit is simulated
and evaluated practically to demonstrate the turn-on and turn-off
conditions during zero or close to zero voltage switching. Also, the
reverse recovery current effects of the body diode of the MOSFETs
were investigated by operating above and below resonant frequency.

Keywords—Driver losses, Half Bridge series resonant inverter,
Zero Voltage Switching

I. INTRODUCTION

SWITCHING is divided into two groups; hard switching

techniques and soft switching techniques. In hard
switching techniques, power density is low, size and cost of
the circuit is high. Beside these disadvantages, during
switching transitions current and voltages overlap and cause
EMI and RFI. In some type of inverter topologies, in order to
minimize the switching losses, improve the efficiency,
reducing the current/voltage stresses and the difficulty of
implementation, the voltage across the switch can be achieved
by soft switching techniques such as zero or close to zero
during turn-on and turn-off conditions [1], [2], [3], [6], [9]
Generally, Zero Voltage Switching (ZVS) is more appropriate
than Zero Current Switching (ZCS) at high switching
frequencies since the internal capacitance of the switch is
discharged if the switch has a finite voltage at turn on. This
charge gets out as heat during turn on. This loss becomes
serious at very high switching frequencies [1], [7].
Furthermore ZVS reduces the switching noise noticeably.

N Channel MOSFETs are favor in power electronic
converter circuits. In N Channel MOSFETs mobility of
electrons is faster than holes, thus higher carrier mobility of
electrons reduces the on state losses were presented in [8].

In most research, the losses of converters are generally
investigated by emphasizing the effects of the parasitic
elements [16, 17] and new converter designs with proposed
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ZVS to reduce losses above resonant frequency [18]. In [19],
an analytical loss model of a power MOSFET with a currrent
source resonant driver is developed and the total loss is
observed and compared with different switching frequencies
between the resonant driver and conventional driver. In [20],
the parasitic effects of MOSFET drain-source voltage
oscillations depending on the drain source capacitance are
investigated but MOSFET body diode is ignored. In this
paper, a half bridge zero voltage switching series resonant
inverter by using N Channel modern MOSFETs was simulated
and compared with the experimentally taken plot graphs.
Design considerations and reverse recovery effect of the
MOSFET body diode below and above the resonant frequency
is analyzed. Drain source voltage oscillations due to the
MOSFET body diodes are emphasized. Simulations were
made by using ORCAD 9.1 software.

II. OPERATION PRINCIPLE OF SERIES RESONANT INVERTER

Implementation of a boost converter circuit is shown in Fig
1. In the circuit IR2113 was utilized as MOSFET DRIVER,
CD4069 was used as LOGIC INVERTER, SK3131 N Channel
MOSFETs were used as switching elements. The switching
frequency of the circuit is selected as 124 kHz. SPICE
Simulation program is used to simulate the circuit.

In order to drive the circuit in resonant frequency the
magnitudes of the inductance, resistor and capacitor that form
the series circuit are chosen by the resonant frequency
equation in order to set the imaginary part to be zero. Then,

1 R
LC I
Series resonant frequency is calculated to 106.8 kHz. Other
parameters for the series converter are:

resonant frequency is equal to| W

Inductor: SpH
Capacitor: 440nF
Resistor: 0.3Q

Mosfet failures play an important role in ZVS circuits such
as low reverse recovery of the intrinsic body diode,

dv
CEshoot—through current proposed in [4], [5]. To overcome
these failures, fast reverse recovery of body diode is needed
especially at lower reverse voltage. The current flowing
through the body diode is essentially crucial when the
MOSFET is turned-off. At this point SK3131 power MOSFET
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with high speed freewheeling body diode is used. There is
another point to take into consideration; series resonant
converter is preferred to operate in a value higher than the
resonant frequency to reduce the losses caused by the energies
during the charging and discharging states of the capacities in
the MOSFET’s structure in turn-on condition [11].
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of IR2113
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12.Pin(LIN)
of IR2113
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i
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L

(b
Fig 1 Schematic of the Prototype Circuit a) driving signal shaping
circuit b) driver and power stage

Voltage of the drain-source terminals of the MOSFET

depends on R R
has a small value, the voltage of the drain source terminal is

ds(on) resistor’s value. If the resistor ds(on)

also low. Hence, Rd:(on) determines the power loss in the on

state. SK3131 MOSFET’s Rds(on)Value is as low as 0.085 2
and this is one of the reasons of this MOSFET to use in this
circuit. Moreover, intrinsic capacitances of the MOSFET are
important for the switching action. Charging and discharging
of the intrinsic capacitances of a MOSFET determines the
switching response time. Equation (1) shows the variation of

ng with the potential across its
terminal and is called “miller”. Miller effects the negative
feedback from input to output and increases the apparent input
capacitances refer to (3). This increment is quite large so as
the gate-to-source voltage increases very slowly as told by
Kazimierczuk in [12]:

the gate drain capacitance

Cmiller = ng [1 - Av] (1)
AV,

v T 1, 2

AV, @)

Cinpul = ng + Cmiller (3)

In miller plateau level, drain current is constant and nearly

V

equals to load current and " gs is constant too, hence gate
current is discharged through the gate-drain capacitance with

rate of ng dt [13]. Due to the increase of the apparent

value of the ng on account of the miller effect, rate of the
discharging of the gate current is small. In order to reduce the

Miller Effect, MOSFET must be turned on or off when its Va
reaches zero or close to zero. Energy storage of the
capacitances does not occur during zero voltage switching.
Zero voltage is obtained by the resonant circuit. At zero
voltage switching current is already flowing through the
MOSFET body diode.

Resistors connected to the input of the gates of the
MOSFETs are 20€2, which is enough to prevent the ringing
and not as much as to reduce the switching speed.

CD4069 logic inverters all of which having six logic
inverters are used in this circuit. Input signal is a square wave
changing from zero volt to 15V. Because of the diodes in the
internal structure of the logic inverter, the pulse voltage varies
between (Ofvdiode forward voltage) and (15V+ Vdiode forward voltage): the
purpose of the 1kQ resistor connected to the input signal, is to
clamp the diode forward voltage drop.

Pulse should reach at least “Input High Voltage” level for
transition of logic inverter from off to on state, so as to obtain
high voltage at the output and the time elapsed to reach this
level is called delay time. Likewise, pulse should not exceed
“Input Low Voltage” level for transition of logic inverter from
on to off state and the time needed to reach this level is equal
to the delay time too. Time delay from on to off state does not
occur when 2N2222 transistors in the circuit of Fig.1 are used.
Due to the high voltage applied to the base of the transistor, it
will be turn-on and acts as a closed switch, by this means
output of the logic inverter is abruptly withdrawn to zero. As a
consequence this, underlap switching is created.

In the driver stage, bootstrap circuit is used to supply power
to drive the high side N-Channel MOSFET. It is charged
when the lower side MOSFET is turned on and the output pin
is below the supply voltage. Bootstrap capacitor has to charge
up very quickly thus, diode used in bootstrap circuit should be
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schottky rectifier diode which has very small reverse recovery.
MBR7545 schottky rectifier diode is used in this circuit. When
the low side MOSFET turn-off, the voltage of the bootstrap
capacitor come up to the supply voltage level thus voltage for
driving the high side MOSFET is obtained. On the other hand,
bootstrap capacitor is discharged only when the high side
MOSFET is turn on. The negative voltage occurs at the source
of the switching device during turn off causes load current to
suddenly flow in the low side freewheeling diode. The

inductive parasitic elements, turn- off speed, %t of the

MOSFET and gate-source capacitance and miller capacitance
effect the generation of the negative voltage [14].

III. SIMULATION AND EXPERIMENTAL RESULTS

In the Fig 2 driving signals of the upper and lower side
MOSFETs simulation and experimental results are shown
While MOSFET on the upper side was passing from turn-on
to turn-off, lower side MOSFET was enabled to stay in turn-
on for approximately 0.5US by giving delay time. This is
called underlap switching. The reason is necessity to prevent
shoot-through current and short circuit of the upper and lower
switches. If both MOSFETs were in the on state, failures

would occur in the circuit due to short term excessive current.
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Fig. 2 (a) Simulation results of the MOSFETs driving signal (b)
Experimental results of MOSFETs driving signal, 2us (time/DIV)
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Fig. 3 (a) Simulation results of Resonant Capacitor Current and
Voltage (b) Experimental results of Resonant Capacitor Current and
Voltage , 2us (time/DIV)

Current and voltage of the resonant capacitor is shown in
the Fig 3. During the change in the status of the switches, the
current flowing through the series resonant circuit is forced to
change the direction. There is an inductor in the series
resonance circuit. Due to the characteristic properties of the
inductor, current flowing through it cannot change its direction
suddenly. It must be zero before flowing in the reverse
direction. Hence, the change in current path is obtained by the
capacitor in the series leg of the resonant circuit. Instantaneous
changes effect the magnitude of the capacitors current for
series resonant inverter. Current lags voltage when the
operating frequency is above resonance frequency, since zero
transition of the voltage waveform occurs before the current
waveform.

In current waveform measurements, P6022 current viewer
device which was commercially available was used. Inserting
a conductor into the probe causes additional impedance to the
circuit that is measured. Since this device is a current

transformer based that contains U-Shaped Core, L/R
exponential decay arises out of the probe inductance loading
the source impedance [15]. Based on the characteristic
properties of the current probe, its output is inherently does
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not give any information on the measured current’s DC value
thus the current waveforms have been shifted upward or
downward in Fig 3.b, Fig 4.b and Fig 5 .b to any level for the
best viewing purpose along with the other. Also, the current of
the lower side MOSFET shown in Fig. 4.a and Fig. 5.a is the
twice of the exact simulation results to see the details clearly.
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Fig. 4 (a) Simulation results of lower side MOSFET Drain-Source
voltage and current above resonant frequency (b) Experimental
results of lower side MOSFET Drain-Source voltage and current
above resonant frequency, 2us (time/DIV)

In the Fig 4 lower side MOSFET drain-source voltage and
current are shown. In the OFF State the Drain Source voltage
of the lower side MOSFET is almost equal to the DC source
voltage. Transition of the lower MOSFETs from off state to
the on state a low magnitude current spike is seen due to the
reverse recovery of the MOSFET’s body diode. Average of
the current of the lower MOSFET is equal to zero; at this time
current flows through the resonant circuit and upper
MOSFET. On the other hand, when the lower side MOSFET
is ON, current flows through the drain of lower side
MOSFET.

20v—

10v -

o

vl T
108 o Lower Side MOSFET (Drain-Source)Voltage

sA L

0A-

7 i
0.971ms 0.975ms
*  Lower Side MOSFET Drain Curent

0.980ms 0.985ms
Time

(a)

lLower Sid¢ MOSFET Prain Sourge Voltage [40Volt/Di}

N
. J

=

W_Jw
\/-wwwnwwwv-wwvw
B e e R L
Reverse Recovery
Current off Upper Side
W\MGSFHhadmede
L

I e B e TN o
Reverse Recovery

{—--. Current of Lowelr Side
MOSKET body Djode

e

.

Lower Sid¢ MOSFET Prain-Sourge Current| SAmp,’DI_

Fig. 5 (a) Simulation results of lower sidle MOSFET Drain-Source
voltage and current (b) Experimental results of lower side MOSFET
Drain-Source voltage and current below resonant frequency

Simulation and experimental results of Lower Side
MOSFET Drain-Source voltage and currents below resonant
frequency is shown in Fig.5. The operating frequency was
equal to 70.3 kHz. When the circuit is in steady state and
upper side MOSFET is in the OFF state, the current is flowing
through the resonant circuit and lower side MOSFET. By the
change of the direction of the resonant inductor current due to
resonant effect, current begins to flow through the lower side
MOSFET body diode and the lower side MOSFET turns off
inherently. After a little time upper side MOSFET is triggered
and turns on. The inductor current transfers to upper side
MOSFET since it provides a higher voltage to feed to the
resonant leg. Again the inductor currents direction is changed
and the current begins to flow through the body diode of the
upper sidle MOSFET (Note that the switching frequency is
lower than the resonant frequency in that case). After
triggering the Lower side MOSFET, current begins to flow
through the lower side MOSFET and reverse recovery current
of the upper side MOSFET body diode occurs due to instant
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reversal of the conducting upper MOSFET body diode
voltage.

IV. CONCLUSION
Zero Voltage Switching Resonant Inverters become more
common at high frequencies to overcome high switching
losses, shoot through currents and reverse recovery failures.
Another important advantage is the reduction of EMI and RFI

during switching because of the preventing the high dl/dt and

d%{t. In this work ZVS series resonant inverter circuit has
been analyzed by simulation and implementation. It is seen
that simulation and experimental results are almost
compatible.

There is a small time interval in which the MOSFET
behaves as an active element of the circuit, during the
transition to turn on- turn off or turn off- turn on. Failures in
driving the MOSFET gate decrease in bandwidth and
oscillations may occur because of the miller effect. This effect
is diminished by reason of the quick charge of the internal
capacitances of MOSFET. Rate of the increment of the
current and voltage is reduced during switching; this is
obtained by switching at zero or close to zero voltage.
Furthermore, drain source voltage value is decreased to the
low on-state value, which is small in this circuit due to the

R

ds(on) value.

MOSFET body diodes provide the closed current path
during dead time. Dead time prevents failures caused by
simultaneous conduction of totem-pole connected power
switches. And also, dead time is used to fully charge or
discharge the MOSFETs drain source capacitances used for
zero voltage switching.

The simulations and experimental results show that, beside
the most appropriate components especially fast body-drain
diodes of the MOSFETs used, the operating frequency is an
important parameter to reduce the losses. During the turn on
transitions of the MOSFETs, switching losses occurs due to
the reverse recovery of the MOSFET body diodes. The
oscillations resultants of the reverse recovery of the
MOSFET’s body diodes have high frequencies which causes
electromagnetic Interference. Electromagnetic Interference
effects due to the oscillations with 3D Electromagnetic
simulation program are planned as future work.
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