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A 2 MHz, 2 kW Voltage-Source Inverter for
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Implementation of Fast Switching with a
Third-Order Resonant Circuit
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Abstract— This paper presents a specially designed third-
order resonant circuit intended to achieve fast switching op-
eration for a voltage-source series-resonant inverter using
four MOSFETSs. The third-order resonant current superim-
posed on a sinusoidal load current helps to quickly charge or
discharge the output capacitance of each MOSFET. This re-
sults not only in a reduction of the time required to turn the
MOSFET on and off, but also in an improvement of the dis-
placement factor of the inverter. Moreover, the third-order
resonant circuit acts as a low-pass filter to eliminate the
parasitic oscillation between line inductance and stray ca-
pacitance. The viability and effectiveness of the third-order
resonant circuit is verified by a 2 MHz, 2 kW prototype in-
verter developed for a low-temperature plasma generator.

I. INTRODUCTION

jJ OW -temperature plasma has been applied to surface
treatment processes for metallic parts, semiconductor
materials, and so on. A high-frequency strong magnetic
field produces low-temperature plasma from low-pressure
gas and sustains it. A high-frequency power supply of 2-10
kW is required to generate the magnetic field in a frequency
range of 2-13.56 MHz, which is too high for conventional
semiconductor devices to perform their switching opera-
tions. A linear amplifier using BJTs or vacuum tubes has
been applied to high-frequency power supplies for plasma
generators at the expense of efficiency and size.

The emergence of fast switching devices such as power
MOSFETSs and SI devices has made it possible to imple-
ment high-frequency inverters for induction heating and
discharge treating applications. However, a voltage-source
inverter using MOSFETs has difficulty operating at more
than 1 MHz. As each MOSFET is turned on, an electric
charge stored in its inherent output capacitance may re-
sult not only in increased switching losses but also in an
excessive surge voltage and spike current because the ca-
pacitance is shorted out. Thus, each MOSFET must be
turned on after finishing the discharge. This may signifi-
cantly degrade the displacement factor of the inverter in a
high-frequency operation over 1 MHz because the discharge
time is too long to be neglected.

This paper proposes a novel voltage-source series-
resonant inverter equipped with a third-order resonant cir-
cuit which enables MOSFETs to perform fast-switching,.
A third-order resonant inductor is directly connected in se-
ries with the inverter output terminal, while a third-order
resonant capacitor is connected in parallel with a main res-
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onant circuit. The resulting third-order resonant current
superimposed on a sinusoidal load current helps to achieve
quick charge/discharge of the output capacitance of each
MOSFET. This results not only in a reduction of the time
required to turn the MOSFET on and off, but also in an im-
provement of the displacement factor of the inverter. Con-
nection of the third-resonant current does not cause any
increase in the peak current of the MOSFET, but causes a
slight increase in the rms current. The third-order resonant
circuit has an additional function of eliminating parasitic
oscillation because it also acts as a low-pass filter for higher-
order harmonic components contained in the square-wave
output voltage of the inverter. Experimental results ob-
tained from a 2 MHz, 2 kW voltage-source series-resonant
inverter integrated into a low-temperature plasma genera-
tor, along with analytical results, verify the viability and
effectiveness of the third-order resonant circuit introduced
in this paper.

II. SYSTEM CONFIGURATION

Fig.1 shows the system configuration of a 2 MHz 2
kW voltage-source inverter for a low-temperature plasma
generator. The main circuit of the inverter is a single-
phase H-bridge voltage-source inverter using four MOS-
FETs (2SK2057: TOSHIBA). The ratings and electrical
characteristics of the MOSFETSs are summarized in Table
1. A loss-less snubber circuit connected to each MOSFET
consists of only a 470 pF capacitor without any resistor
or diode. The main series-resonant circuit is connected to
the ac output of the inverter through a specially-designed
third-order-resonant circuit and a step-down transformer
of 10:1.

A third-order resonant inductor Lgz is directly con-
nected in series with the inverter output terminals, while
a third-order resonant capacitor Cj is connected in par-
allel with the primary windings of the step-down trans-
former. The resulting third-order resonant current super-
imposed on a sinusoidal load current helps to achieve quick
charge/discharge of the output capacitor of each MOSFET.
This third-order resonant circuit additionally has the abil-
ity to eliminate parasitic resonance between the line in-
ductance and the winding capacitance of the transformer
because the third-order resonant circuit acts as a low-pass
filter at any frequency higher than the third-order one.

The main series-resonant circuit consists of a water-
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Fig. 1. System configuration.
TABLE I
RATINGS AND ELECTRICAL CHARACTERISTICS OF MOSFET
(2SK2057).
| [ symbol | ratings | units |
drain-to-source voltage Vps 500 \%
gate-to-source voltage Vas +30 \4
drain current DC Ip 20 A
pulse Ipp 80 A
on-state resistance Rpson 0.24 Q
input capacitance Ciss 3000 pF
output capacitance Closs 830 pF
rise time tr 25 ns
switching turn-on delay ta(on) 60 ns
times fall time ty 55 ns
turn-off delay tq(off) 280 ns

cooled seven-turn coil Ly and a high-frequency mica ca-
pacitor Cy. A quartz tube filled with argon gas, the di-
ameter of which is 50 mm, is inserted into the resonant
inductor Ly,. A high-frequency magnetic field produced by
the 2 MHz resonant current establishes and sustains low-
temperature plasma in the quartz tube.

111. SwiTcHING OPERATION IN CONSIDERATION OF
QOutruT CAPACITANCE OF MOSFET

Fig.2 shows the switching modes in the voltage-source
series-resonant inverter without the third-order resonant
circuit, paying attention to the output capacitance of the
MOSFET. Before commutation, MOSFETSs S; and S; are
conducting and the direction of the load resonant current is
io > 0, as shown in Fig.2(a). Then the voltages across the
output capacitors Cy and C,4 are zero, while those across
C, and Cg are equal to the dc link voltage V.. Turning
off S; and Sy starts commutation, and the switching mode
changes to Fig.2(b). During the commutation, the load
resonant current discharges C; and C4 while it charges G,
and C3. When the voltages across C; and C4 reach V. and

Fig. 2. Switching modes in the voltage-source inverter with a series
resonant circuit. (a) Before commutation. (b) During commu-
tation. (c) After commutation. (d) After load current direction
change.

those across Cg and Cs become zero, free-wheeling diodes
D, and Dj start to conduct as shown in Fig.2(c). Sy and
S3 are turned on with zero voltage after changing the di-
rection of ip, as shown in Fig.2(d), if the gate signals are
provided during Fig.2(c). This means that time is required
for the discharge of the output capacitance; in other words,
the voltage-source inverter must be operated with a lagging
displacement factor. If S; and S3 are turned on before fin-
ishing the discharge, a large amount of surge voltage and
spike current would appear in the drain-to-source voltage
and the drain current due to the formation of a short cir-
cuit through S, and S3. To avoid such a short circuit, Sy
and S3 have to be turned on after the output capacitance
is completely discharged. However, this may significantly
decrease the displacement factor of the inverter in high-
frequency operation over 1 MHz because the discharging
time becomes too long to be neglected as the operating
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Fig. 3. Voltage and current waveforms.

frequency increases.

Fig.3 shows the waveforms of the inverter output current
ip and the drain-to-source voltage vpgs4, taking into ac-
count the output capacitance of each MOSFET. Assuming
that the direction of the inverter output current i changes
at t = 0 and the rms value of i is I3, ip is represented as

io = —V2I sinwt. (1)

S; and S, are turned off at t = —T,og, and free-wheeling
diodes Dy and D3 start to conduct at t = —T,,. Since
half of the load current, ip/2, flows through the output
capacitance of Sy during the commutation (b), the drain-
to-source voltage vpg4 is given by

1t i
UDS4—C—O/ 7dt~

—~Totf

coswt — cos wlyg
V2uwCo

This implies that vpgs has a sinusoidal wave shape hav-
ing a peak value at ¢ = 0 and that the peak value can be
adjusted by the turn-off leading time T,g. The drain-to-
source voltage vpgy has to reach Vy, before t = 0 to avoid
the short circuit of the output capacitance. Thus, the min-
imum value of the turn-off leading time Tyg_ i, is given

by

L. (@

Toft—min = ’j—)COS_l {1 - M} . (3)

L

If S; and S, are turned off at ¢ = —T,g_min, and Sg and
Sg are turned on at ¢ = 0, all switches achieve zero-voltage
switching without any short circuit. Moreover, no recov-
ery current flows in the free-wheeling diodes because no
diodes conduct during the commutation. The turn-off lead-
ing time T, however, should be tuned for each leg due
to the non-negligible difference in the output capacitance
among the four MOSFETSs. In practical applications, it is
difficult to individually adjust the turn-off timing Tog for
each MOSFET. To connect the loss-less snubber capaci-
tor with each MOSFET results in adjustment-free opera-
tion although the displacement factor of the inverter out-
put decreases according to the capacitance of the snubber
capacitor.
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Fig. 4. Voltage and current waveforms in the third-order resonant
circuit.

IV. FAST SWITCHING OPERATION USING
THIRD-ORDER RESONANT CIRCUIT

The aim of the third-order resonant circuit proposed in
this paper is to realize a fast discharge of the output capac-
itance by superimposing a third-order resonant current on
the first-order (fundamental) load resonant current. The
third-order resonant circuit allows the individual MOS-
FETs to perform fast switching without any surge voltage
or spike current.

Fig.4 shows voltage and current waveforms when the
third-order resonant circuit is connected, where v; and v3
are the fundamental and third-order components included
in the inverter output voltage vo, respectively. Assum-
ing that the inverter output voltage vo is a square wave
shape ignoring rise and fall times, the fundamental and
third-order components v; and vg are given by the follow-
ing equations:

vy = _ﬂi@_‘@ sin wt (4)
vz = —\/5&/3_?% sin 3wt. (5)

Superimposing a third-order resonant current in phase with
v3 does not contribute to a fast charging or discharging of
the output capacitance because vs is zero voltage at the
center of the commutation period. A lagging current can
quickly charge or discharge the output capacitance.
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The resonant frequency of the third-order resonant cir-
cuit, wg should be set to a specific frequency which is lower
than three times as high as the operating frequency; that
is, w3z < 3w. The third-order resonant circuit acts as a reac-
tive impedance for a third-order component included in the
output square-wave voltage. Disregarding the resistance in
the third-order resonant circuit represents the third-order
resonant current i3 as

2V2Ve
3n(B8wLz — 1/3wCs5)

i3 =2 cos 3wt. (6)
The third-order resonant current iz lags behind the third-
order voltage vz by 90°; in other words, ig reaches its
peak value at the center of the commutation period. The
inverter output current, ig has a quasi-trapezoidal wave
shape shown in Fig.4 due to superimposing the third-order
resonant current ¢3. This results in fast charge or discharge
of the output capacitance because i is larger than the load
resonant current ¢;, during the commutation. The third-
order resonant current ¢z makes it possible to increase the
current only during the commutation without any increase
of the peak value of i because the peak value of iz ap-
pears at the center of the commutation period. Therefore,
the third-order resonant circuit i3 should be tuned at a
slightly lower frequency than three times as high as the
operating frequency. Then the third-order resonant circuit
acts as an inductive impedance which draws the third-order
resonant current lagging by 90°.

V. DESIGN STRATEGY OF THIRD-ORDER RESONANT
CIrRcuUIT

A. Design Strategy

The inverter output current ip is a sum of the load res-
onant current i;, and the third-order resonant current i3
given by

io = —V2I sin(wt — ¢) + V215 cos 3uit, (7)

where I, and I3 are the rms values of the load resonant
current iy, and third-order resonant current i3, and cos ¢ is
the displacement factor of the load resonant current.

The inverter output current i has to charge or discharge
the output capacitance C,gs and snubber capacitor Cg in
the upper and lower arms during the commutation period
7. This requirement is represented as

T/2
QQC = 2(C’osa + CS)Vdc = / 10 dt) (8)
—7/2
where ()¢ is the electric charge stored in C,,, and Cg.
Accordingly, the amplitude of the third-resonant resonant
current I3 should be decided as

_3 V2wQc + I cos(¢ + wr/[2) — I1 cos(¢p — wr/2)
2 sin 3w /2 '
(9)

In order to let the commutation finish at the instant that
the load resonant current ¢y, is zero, the commutation pe-
riod should be set as 7 = 2¢/w. As a result, I3 is obtained

I3

by

_3 V2wQc + I cos(wr) — I

I
372 sin 3wr /2

(10)

By substituting (9) or (10) into (6), the impedance of the
resonant circuit with respect to the third-order resonant
frequency Z3 is determined as

1 2V2V,

Lo = — e
s =3wls — o5 = 0T,

(11)

Here, it is suitable to design the capacitance of C3 as small
as possible. Not only does the third-order resonant circuit
draw the third-order resonant current, but it also acts as
a capacitive impedance for the operating frequency. The
third-order resonant capacitor C3 should be designed to
minimize the leading current.

B. Ewvaluation in Experimental System

In the experimental system shown in Fig.1, the resonant
frequency of the load resonant circuit is 2.1 MHz, the rated
resonant current is 9 A in rms value, and the dc link voltage
of the inverter V3. =200 V. Connecting the loss-less snubber
capacitor of Cs=470 pF to each MOSFET, the electric
charge stored in the output capacitance of the MOSFET
and the snubber capacitor is given by

Qc = (Coss + Cs) Vg, = 0.42 pC.

The commutation period should be made longer than the
rise and fall times of the MOSFET used. A commutation
period shorter than the rise or fall time would cause in-
creased switching losses because the load resonant current
flows through the MOSFETS even during the commutation
period. Thus, the commutation period 7 is set to the fall
time in the experimental system, as 7 = t, = 55 ns. From
(10), the amplitude of the third-order resonant current is
equal to 4.6 A in rms value. Thus, the resonant induc-
tor and capacitor of the third-order resonant circuit, L3
and C3 have to be designed as Z3 = 16 Q. Assuming that
¢/w = 7/2 in (10), the displacement factor of the inverter,
cos ¢ equals 94 %.

Fig.5 shows an equivalent circuit when both third-order
resonant and load resonant circuits are connected, taking
into account the turn ratio of the matching transformer.
The equivalent reactor Ly’ of the load resonant circuit
is equal to Ly’ = nL;, and the equivalent capacitor CL’
equals C1’ = Cr,/n, where n is the turn ratio of the match-
ing transformer. The magnetizing inductance of the match-
ing transformer can be ignored in Fig.5 because the magne-
tizing current is too small at the high-frequency operation
of 2 MHz. The leakage inductance in the matching trans-
former is also negligible because it seems connected in series
with L L,-

A line inductance £ = 0.3 uH exists between the inverter
bridge and the matching transformer, and the matching
transformer has a parasitic capacitance ¢ = 240 pF in its
primary windings. Taking into account the line inductance
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Fig. 5. Equivalent circuit of the third-order resonant circuit.
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and the parasitic capacitance, the third-order resonant re-
actor Lg is set to L3 = 1.4 pH, and the third-order reso-
nant capacitor C3 = 330 pF. Thus, the resonant frequency
equals 5.1 MHz. The impedance of the third-order resonant
circuit is given by

3wLz — 1/(3wC3) = 64 — 46 = 18 Q.
Thus, the leading current drawn into the third-order reso-
nant capacitor is

1
Vi 2—? x 200/(2m x 2 x 108 x 330 x 10712) = 0.7 A,

LUC3 -
which is less than 1/10 of the load resonant current. The
voltage drop caused by the third-order resonant reactor L3
is negligible because L3 is only 2% of the load resonant
reactor.

Amplitude variation in the case of operating frequency
change is discussed below. Assume that the load resonant
current is decreased by 1/2, according to frequency change.
In this case, an increase of the operating frequency is only
1.7% because the load resonant circuit has a high qual-
ity factor of = 50 in the experimental system. The
impedance of the third-order resonant circuit equals

3wlz x 1.017 — 1/(3wC3 x 1.017) = 65 — 45 =20 Q.

This means that the variation in the third-order resonant
current decreases by only 10 % even if such a large fre-
quency change occurs, because the third-order resonant
circuit is used in a frequency range, acting as a reactive
impedance.

V1. EXPERIMENTAL RESULTS

Fig.6 show experimental waveforms in the case of dis-
connecting the third-order resonant circuit. The inverter
output current includes an oscillating current of 15 MHz
because of parasitic resonance between the line inductance
and the stray capacitance in the matching transformer. A
surge voltage appears in the drain-to-source voltage be-
cause the MOSFETSs are turned on before the discharge of
the output capacitance. In Fig.6, both rise and fall times
are about 80 ns, and the displacement factor is 88%.

Fig.7 shows experimental waveforms in the case of con-
necting the third-order resonant circuit. Since the third-
order resonant current is superimposed on the load reso-
nant current, the inverter output current ipo has a quasi-
trapezoidal wave shape without any parasitic oscillation.

C10A " : A .
' 0 I A /\/ \P\”\w;_ A A\/\‘"\‘_\ 4—

N )
100 V v i *\/’M" \‘M% \/“ \/
ws TN AN LA NN

e

100 ns

Fig. 6. Experimental waveforms in the case of disconnecting the
third-order resonant circuit.

N VAAE /
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Fig. 7. Experimental waveforms in the case of connecting the third-
order resonant circuit.

No surge voltage appears in the drain-to-source voltage be-
cause the third-order resonant current perfectly discharges
the output capacitance before the corresponding MOS-
FETs are turned on. The rise and fall times are 40 ns
in Fig.7, which equals half of those in Fig.6. This indi-
cates that a high displacement factor of 97% is achieved by
connecting the third resonant circuit. The dc input power
of the inverter is 1800 W, and the high-frequency output
power is 1690 W. Thus, the inverter efficiency is 94%, which
confirms that the inverter performs a good switching oper-
ation even at frequencies as high as 2MHz.

Fig.8 shows experimental waveforms when no loss-less
snubber capacitor is connected. The rise and fall times
in Fig.8 equal 20 ns because the inverter output current
io charges or discharges only the inherent output capaci-
tance of each MOSFET. However, a surge voltage appears
in the drain-to-source voltage vps. Note that the amount
of the surge voltage in one arm is different from that in
the other arm because of the differences in the output ca-
pacitance between the two MOSFETSs and in the recovery
time between the two free-wheeling diodes. Moreover, a
small error of the turn-off time may produce a large surge
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Fig. 8. Experimental waveforms in the case of disconnecting the

loss-less snubber capacitor.

Fig. 9. Low-temperature plasma before flaming up (80 V, 10 A).

voltage, compared with the case of connecting the snubber
circuit. Thus, an adjustment of the turn-off time for each
arm is required to reduce such a surge voltage. It is, how-
ever, difficult to independently adjust the turn-off time in
a practical application.

Figs.9 and 10 show states of low-temperature plasma
generated by the inverter. Low-pressure argon gas is in-
jected in the quartz tube and the output power of the in-
verter is adjusted by the dc link voltage in this experiment.
After flaming up, the quality factor of the main resonant
circuit decreases from 40 to 10 as shown in Fig.10 because
of increased power consumption in the low-temperature
plasma.

VII. CONCLUSION

A novel voltage-source series-resonant inverter with a
third-order resonant circuit achieving a fast-switching op-
eration has been proposed in this paper. The design strat-
egy and practicability of the third-order resonant circuit
have been discussed theoretically and experimentally. The
third-order resonant current superimposed on a sinusoidal

Fig. 10. Low-temperature plasma after flaming up (100 V, 5A).

load current achieves quick charge/discharge of the output
capacitance of each MOSFET.

Experimental results show a fast switching operation of
40 ns and a high displacement factor of 97% without any
surge voltage or spike current. Moreover, a high efficiency
of 94% is also obtained from the experiments, which verifies
proper operation even at 2 MHz. The prototype system
achieves the aims of generating a stable low-temperature
plasma with high efficiency and of maintaining a small size.
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