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Abstract—Resonant drivers are effective and useful for
driving MOSFET at high frequencies. In resonant drivers,
a clamp diode is often added between the gate and source
terminals of the driven MOSFET. The driving voltage is,
however, not clamped but just shifted with bias voltage
by adding the diode. The mechanism of the voltage shift
has not been explained analytically yet. This paper gives
an analytical explanation of the voltage shift. The class-E
driver is considered as a concrete example. By carrying out
steady-state analysis, it is clarified that the voltage shift oc-
curs due to coexistence of resonant and gate capacitances.
The explanations are valid for not only the class-E driver
but other resonant driver circuits. Therefore, it is expected
that the given theory can be applied resonant driver designs
widely and effectively. The validity of the analysis is con-
firmed by comparisons with PSpice simulation and experi-
mental results.

1. Introduction

The developments of silicon carbide (SiC) and Gallium
Nitride (GaN) MOSFETs, it is required that power convert-
ers operate at high frequencies with any level of powers[1]-
[3]. It is important to design high frequency driver. A
resonant driver is a good candidate of the high-frequency
drivers because it can satisfy soft-switching conditions.
Additionally, the resonant driver circuit includes parasitic
capacitances of a driven MOSFET in its resonant filter.
Therefore, the strain of driving voltage due to the parasitic
capacitance can be mitigated at resonant drivers[4].

Because of the resonant filter, resonant drivers provide
a sinusoidal waveform as a driving signal, which includes
negative voltage. A clamp diode is often added to the
gate-to-source terminals of the driven MOSFET in paral-
lel for avoiding negative voltage. Intuitively, the clamped
half-wave voltage appears on the gate terminal by adding
the clamp diode. The sinusoidal voltage is, however, not
clamped but just shifted [5],[6]. The added diode never
turns ON in the circuit operation. As far as we know, there
is no analytical explanation of this phenomenon. The ana-
Iytical explanation may give effective design guidelines of
resonant driver circuits.

This paper gives' an analytical explanation of the voltage
shift in the resonant driver with clamp diode. The class-E
driver [4] is considered as a concrete example of the res-
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onant driver. It is explained from the steady-state analysis
that the voltage shift is caused by simultaneous presence
of resonant capacitance and gate capacitance of the driven
MOSFET. The explanation is valid for not only class-E
driver but other resonant driver circuits. Therefore, it is ex-
pected that the given theory can be applied resonant driver
designs widely. The validity of the analysis is confirmed
by comparisons with PSpice simulation and experimental
results.

2. Circuit configuration and its operation

In this section, the class-E amplifier and a resonant driver
based on the class-E amplifier, which is called the class-E
driver, are introduced briefly.

2.1. Class-E Amplifier

Figure 1 shows a circuit topology of the class-E am-
plifier [7],[8] and its nominal waveforms. The class-E
amplifier consists of dc-supply voltage Vpp, input induc-
tance L, MOSFET S as a switching device, shunt capac-
itance C'g, and L — C — R series resonant circuit. Dur-
ing MOSFET is in OFF state, the current flows through
the shunt capacitance, which generates pulse-shape volt-
age. The switch turns ON when both the switch voltage
and the derivative of switch voltage are zero as shown in
Fig. 1(b). These switching conditions are called the class-
E zero-voltage switching and zero-derivative switching
(ZVS/ZDS) conditions. By applying the class-E ZVS/ZDS
conditions to switch voltage, switching losses are reduced
to be zero. Therefore, the class-E amplifier can achieve
high power-conversion efficiency at high frequencies. The
fundamental-frequency component of the switch voltage
vg passes through the resonant filter and sinusoidal output
current can be obtained.

2.2. Class-E Driever

By connecting the output of the class-E amplifier to the
gate terminal of the driven MOSFET, the class-E amplifier
can be used as a driver circuit, which is called the class-E
driver. Figure 2(a) and (b) show the circuit topology of the
class-E driver and its equivalent circuit model, respectively.
The driven MOSFET includes the parasitic input capaci-
tance and resistance at the gate terminal. Therefore, the
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Figure 1: class-E amplifier(a)Circuit configuration.
(b)Operating waveform

and the gate resistance R, ,which are connected in series
as shown in Fig. 2(b) [4],[5]. When the class-E amplifier
is applied as a driver circuit, a sinusoidal voltage is pro-
vided as a driving signal. The sinusoidal voltage includes a
negative value, which is not preferred as a driving signal of
the MOSFET. For avoiding the negative voltage, a clamp
diode is often added to gate-to-drain terminals in parallel
as shown in Fig. 2(a).

Figure 2(c) shows the example waveforms of the class-E
driver. It is thought intuitively that the driving signal be-
comes a clamped half wave because of the clamp diode. In
actual operation, however the negative voltage disappears
by shifting entire sinusoidal wave as shown in Fig. 2(c)
[51,[6]. In this operation, the circuit works so that the diode
is never in ON state. There is however, no analytical expla-
nation of this voltage-shift phenomenon.

3. Steady-State Analysis Of Class-E Driver

This section shows the principle operation of the volt-
age shift at the class E driver with clamp diode through the
steady-state analysis.

3.1. Assumptions

For simplifying the analysis, the following assumptions
are given.

1. The MOSFET and the clamp diode work as ideal
switches. Therefore, zero-switching time, zero on-
resistances, and infinite off-resistances are assumed.

2. The duty ratio of the class-E driver is D = 0.5. The
driver MOSFET turns ON and OFF at § = 0 and
0 = m, respectively, where § = wt = 2x ft is the
phase displacement and w and f are angular operating
frequency and operating frequency, respectively.

3. The loaded quality factor ) of the series resonant filter
L - C —Cy — Ry, which is defined as
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Figure 2: Resonant driver using class E amplifier (a)Circuit
configuration (b)Equivalent circuit (c)Example waveforms

is high enough to generate a sinusoidal current
through the resonant inductor. Namely, we have

i(6) = L sin(6 + ) @)

where I,,, and ¢ are the amplitude and the phase dif-
ference of the resonant current.

4. The input inductance is high enough so that input cur-
rent becomes direct a current 1.

5. The class-E driver satisfies the class-E ZVS/ZDS con-
ditions at turn-on instant. Namely, the switch voltage

satisfies
vg(2m) =0, 3)
and dos(27)
Vs (4T
—_— =0. 4
do =2 0 @

3.2. Waveform Equations

Now, it is important to show that the current 77, do not
include dc component. If ¢, is expressed by

ir,(0) = L sin(0 + ¢) + Iy 5)

the voltage across resonant capacitance is obtained as

I,
voo = _frleos ¢ —cos(0+ ) + Iod]. (6

where I is the dc component of the resonant current. Be-
cause v, is a periodic waveform, it is seen that /o should
be zero. From the assumptions 1 and 4, the switch current
flows through the MOSFET when the switch is in ON state.
Therefore, we have

= { w0+

for0<6O<m
form <6 < 2.
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Similarly, the current, which flows through the shunt ca-
pacitance, is

iea0) = {

0 for0<fO<m

Ic — I, sin(0 + ¢) for0 < 0 < 2.
(®)

The current through the shunt capacitance generates the

switch voltage, which is expressed as

0 for0 <O <
Io@—7)— 1 -
vs(0) = c(0—m) mc[fgs(e + @) — cos ¢] ©)

form < 6 < 27.

From the assumption 1, the output voltage of the driver,
which across the gate capacitance and resistance of the
driven MOSFET is given by

0 foron <0 < borF
I, [cos ¢ — cos(0 + ¢)]

is a periodic waveforms. This is because there is the gate
capacitance C,; between gate and source terminals. When
KVL is applied to the closed circuit consisting of D —Cy —
R, for ON state of the clamp diode. We have

d

ngCg%+vcg =0 for oy <O <bopp. (15)

By solving (15), vc, is expressed by
0—20

ve, (0) = —RIysin(fon + ¢) exp[—(ngg:)] (16)

Namely, the dc component of diode current is
2 27
ipdf = (tg —ir)dO

0oFF d
_ / [wcg 500 — Lusin(6 + )| do =0
fon

vg(0) = ¢ Rglpysin(f+ ¢) + - + Ve,
et . (orr — Oon)
for other cases. = —RI,wCysin(on + ¢){exp [-—F5——] — 1}
(10) whRyCy
where V., is the bias voltage across the gate capacitance, +1Im[cos(fon + ¢) — cos(forr+e)] =0
and 0o and 0o pr mean the instant the diode turn ON or . (17
OFF respectively. The output current, which flows through ~ From (13) and (16), we obtain
the gate terminal is expressed as sin(fon + @) = 0 (18)
dvc( (9) .

wCy - for Opn <0 < bOorr From (17) , (18), we obtain
ig(e) = i

I, sin(0 + ¢) for other cases. cos(Borr + ¢) — cos(Bon + @) = 0 (19)

(11)
The clamp diode turns ON when the output voltage v, is
zero from positive value. Additionally, it turns off when
the diode current becomes zero. Therefore, we obtain the
relationships about 0oy and Opopp as

Ryl sin(fon + ¢) + tmleos(@—coslontall 4y, —

wCly
with 200 —0,
[ P W
and

ip(Borr) =iy —ir
-] . dvc, 0) o
= —I,sin(forr + ¢) +wCy 0 |o_p =0

. =VOFF
with #20) -0,

de 0=0orr (13)

respectively. It is seen from (10) and (12) that the diode has
an opportunity to turn ON when V,, satisfies

—RI,, sin[tan™ (—wCy Ry)]
Lycos ¢ — Iy, cosftan™! (—R,wC,)]
wCy

Ve, <

(14)

4. Analytical Explanation of Voltage Shift

It can be stated that the gate current 44, flowing through

The solution of (19) are pn = Oprr and Opn = Oorr +
2w. From (13), it is seen that the current of diode ip
never negative. This means diode never turns ON and only
0on = Bopr is the solution in (19).

This means that the clamp diode never turns ON in the
class-E driver. It is seen from the above discussions that
the voltage shift occurs due to coexistence of the resonant
capacitance and gate capacitance. These capacitances do
not allow the diode current to have a dc component. This
is a fundamental mechanism of the voltage shift.

Considering that the charge in the capacitance must be
minimize in time average. It is obtained from (16) that the
bias voltage in the capacitance Cy is

Ve, =

g

—RyI, sinftan™' (—wC, R,)]
I,c08 ¢ — cos[tan ™! (—wCy R,)]
wCy

(20)

5. Design Example

In this section, the validity of the analysis is confirmed
by comparisons with PSpice simulation and experimental
results. The operating frequency f = 7 MHz, ) = 5 and
duty ratio of the drive MOSFET D = 0.5 were given as a
driver specifications. The SUDO6N10 SiC MOSFET was
supposed as the driven MOSFET. Therefore, the gate re-
sistance and capacitance were obtained as R, = 22.9 Q
and €y = 1.11 nF, which were measured by Impedance

Cy — Ry, does not have any dc component where Voltage309A_nalyzer of KEYSIGHT E4990A.



Because the clamp diode never turns ON from the theory
in the previous section, it is possible to obtain the com-
ponent value for satisfying the class-E ZVS/ZDS condi-
tions from the design equation of the class-E amplifier in
[8]. Table 1gives the obtained component values. We used
SS2040FL schottky barrier diode for the clamp diode. For
driving the MOSFET in the driver circuit, Intersil EL7104
was used. All the component values were measured by
KEYSIGHT E4990A impedance analyzer. The experimen-
tal waveforms were measured by oscilloscope of Tektronix
MDO3024.

Figure 3 shows the analytical and experimental wave-
forms. When the clamp diode was connected in the pos-
itive direction as shown in Fig. 2(a), lower limit of the
gate voltage of the driven MOSFET was zero. This is be-
cause the clamp diode did not work. Conversely, the upper
limit of the gate voltage became zero when the clamp diode
was connected in the negative direction, which can be con-
firmed from Fig. 3(b). Namely, the bias voltage changed
depending on the direction of diode. The validity of the
theory that the driver works so that the clamp diode never
turns ON was confirmed from Fig. 3. It is also seen from
Fig. 3 that analytical predictions showed good agreement
with experimental results. All the waveforms satisfied the
class-E ZVS/ZDS conditions. It can be stated that the ana-
lytical expressions were verified by the quantitative agree-
ments with the circuit experiments.

Table 1: Component values of the designed class-E driver

Analytical | Measured | Difference
L, 40 pH 39.4 uH 1.5 %
L, | 2.60 uH 2.62 uH 0.85 %
Ch 377 pF 374pF 1.0%
Cs 183 pF 183 pF 0%
R, 2290 23.0Q 0.65 %
Cy | 1110pF 1112 0.9%

6. Conclusion

This paper has given analytical explanations of voltage
shift. By carrying out steady-state analysis, it have been
clarified that the voltage shifts occurs due to coexistence
of resonant and gate capacitances. The validity of analysis
was confirmed by comparison with experimental results.
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