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A New Dual-Channel Resonant Gate Drive Circuit
for Low Gate Drive Loss and Low Switching Loss
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Abstract—At high-frequency applications, the gate drive loss
of the power metal oxide semiconductor field-effect transistor
(MOSFET) becomes quite significant. A new dual-channel low
side resonant gate drive circuit is proposed in this paper. The
proposed drive circuit can provide two symmetrical drive sig-
nals for driving two MOSFETs. It charges and discharges the
MOSFET gate capacitor with a constant current source. Both gate
drive loss and, more importantly, switching loss can be reduced
significantly. The proposed resonant gate drive circuit can be
used to drive the synchronous MOSFETs in a current doubler or
full-wave rectifier configuration. It can also be used to drive the
primary MOSFETs in push-pull converters. Analysis, computer
simulation, and experimental results show that significant power
loss reduction is achieved by the proposed circuit.

Index Terms—Gate drive loss, MOSFET driver, resonant gate
drive circuit, switching converters, switching loss.

1. INTRODUCTION

HE development of microprocessor and other integrated
Tcircuits submits new challenges to power converter. In
order to reduce the passive component size, and also to meet
the stringent transient response requirement, the switching
frequency of the power converter will move into the megahertz
range in the next few years. At high-frequency applications,
the effect of the gate drive circuit of MOSFETSs on the overall
performance of the converter becomes quite significant. As the
switching frequency increases, the gate drive loss of the power
MOSFET, which is proportional to the switching frequency,
increases as well. In addition, as power MOSFET die size is in-
creased to improve the MOSFET on-resistance, the gate-source
capacitance of the MOSFET increases proportionally. There-
fore, the gate drive loss becomes more significant, especially in
low-voltage, high-current applications. High gate capacitance
also increases the switching time and thus the switching loss.
Fig. 1 shows the widely used conventional gate drive scheme,
where () represents the driven power MOSFET and Rpgrv
represents the gate resistor in the driving path. Unfortunately,
this conventional gate drive scheme is a voltage source drive
approach, and all the drive energy is dissipated on the resistor
in the charge and discharge path [1]-[4].

Lossless gate drive circuits have already attracted much at-
tention in recent years. A resonant gate driver is an efficient
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Fig. 1. Conventional gate drive scheme.

alternative to the conventional methods to drive power MOS-
FETs. Many circuits have been proposed. Most of them are
designed for single MOSFET and are based on L-C resonant
techniques [5]-[12]. DC/DC converters with transformers are
used in some other solutions [13]-[16]. A few of drive schemes
for synchronous rectifier are also proposed [17], [18]. Unfortu-
nately, these circuits are complicated and they can only reduce
the gate drive loss, which limit the potential of loss reduction.

This paper presents a new resonant gate drive circuit, which
can provide two symmetrical drive signals for driving two MOS-
FETs. The proposed drive circuit can recover most of the driving
energy. It can also reduce the switching loss significantly. The
proposed resonant gate drive circuit can be used to drive the syn-
chronous rectifier in a current doubler or full-wave rectifier. It
can also be used to drive the primary MOSFETSs in push-pull
converters. Section II discusses the operation of the proposed
resonant gate drive circuit. Gate drive loss comparison between
the proposed gate drive circuit and the conventional gate drive
circuit is provided in Section III. The advantages of the pro-
posed drive circuit are summarized in Section IV. Some ap-
plication examples are provided in Section V. Section VI pro-
vides the computer simulation results and experimental results.
Section VII is the Conclusion.

II. OPERATING PRINCIPLE OF THE PROPOSED
RESONANT GATE DRIVE CIRCUIT

The proposed new resonant gate drive circuit is shown in
Fig. 2. The circuit consists of four switches S1 — S4, which is
inherited from dual-channel conventional gate drive circuit, con-
necting as a bridge configuration, and an inductor L1 connecting
across the bridge. Capacitors, Cy_g1 and C,_¢2 represent the
input capacitors of the power MOSFETs Q1 and 2,, respec-
tively. V. is the voltage source which is applied to gate-source
of MOSFET Q1 and Q2. A P-channel MOSFET is used for S1
and S2 and an N-channel MOSFET is used for S3 and S4 in
Fig. 2. It is noted that other implementation methods can also
be used to achieve the same objective.

0885-8993/$25.00 © 2008 IEEE
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Fig. 2. Proposed resonant gate drive circuit.

The major objectives of the proposed resonant gate drive cir-
cuit are 1) to charge and discharge the input capacitors, Cy_g1
and C;_¢2, with minimum energy loss, 2) to do this as soon as
possible, and 3) to clamp the voltages across Cy_g1 and Cy_g2
to either source voltage V.. or zero via low-impedance path. With
this circuit, the duty cycles of the voltages across C'y_g; and
Cy_q2 are the same, which is decided by the gate drive signals of
S1— S4. By applying different gate drive signals to S1, 52, S3,
and 5S4, the duty cycle D of Q1 and Q2 can be smaller than 0.5,
equal to 0.5, or bigger than 0.5. The operation is a little different
for these three operating conditions. The operation of this cir-
cuit under the D > 0.5 situation is described in detail as fol-
lows by eight operation modes shown in Fig. 3. The red arrows
in the figure indicate the reference current direction. The cur-
rent is positive when the actual current has the same direction
as the reference direction, otherwise it is negative. The typical
waveforms are shown in Fig. 4.

1) Before t0: S1,S4 are on and S2, S3 are off. (1 is on and
Q2 is off. Inductor current /;,; increases to maximum value at
t0, as shown in Fig. 3(a).

2) FromtOtotl: S4isturned off at t0. Inductor L1 resonates
with the input capacitor of MOSFET Q2, Cy g2 - C4_g2 Will be
charged at this period. The voltage across C'y_q» increases, and
it will be clamped to the source voltage V. by the body diode
of S2 before tl. Q2 is turned on in this time interval. At t1, S2
turns on with zero voltage. By controlling the turn-off instant of
54 (t0), the turn-on instant of ()2 can be controlled, as shown
in Fig. 3(b).

3) Fromtl to t2: S1,S52 are on and S3, S4 are off. Both Q1
and ()2 are on and the inductor current /1 is circulating through
S1 and S2 and remains constant in this interval, as shown in
Fig. 3(c).

4) From 12 to t3: S1 is turned off at t2 with zero voltage.
Inductor L1 resonates with the input capacitor of MOSFET
Q1,C,_o1-Cy_o1 will be discharged at this period. The voltage
across Cy_g1 decreases, and it will be clamped to zero by the
body diode of S3 before t3. Q1 is turned off in this time interval.
At t3, S3 turns on with zero voltage. By controlling the turn-off
instant of S1 (t2), the turn-off instant of ()1 can be controlled,
as shown in Fig. 3(d).

5) Fromt3tot4: S2,53 are on and S1, .54 are off. Q1 is off
and Q2 is on. The inductor current I, decreases to zero, and
it will increase in the opposite direction. It reaches the negative
maximum at t4, as shown in Fig. 3(e).
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6) Fromt4tot5: S3 isturned off at t4. Inductor L1 resonates
with capacitor Cy_g1-Cjy_g1 will be charged. The voltage across
Cy_q1 increases, and it will be clamped to the source voltage V.
by the body diode of S1 before t5. @1 is turned on in this time
interval. At t5, S1 turns on with zero voltage. By controlling
the turn-off instant of S3 (t4), the turn-on instant of Q1 can be
controlled, as shown in Fig. 3(f).

7) From t5 to t6: S1,S52 are on and S3, S4 are off. Both
@1 and Q2 are on, and the inductor current Iy ; is circulating
through S1 and S2 and remains constant in this interval, as
shown in Fig. 3(g).

8) From 16 to t7: S2 is turned off at t6 with zero voltage.
Inductor L1 resonates with capacitor Cy_g2 - Cy_g2 will be dis-
charged at this period. The voltage across C;_g»decreases and
it will be clamped to zero by the body diode of S4 before t7.
Q2 is turned off in this time interval. At t7, S4 turns on with
zero voltage. By controlling the turn-off instant of S2 (t6), the
turn-off instant of ()2 can be controlled, as shown in Fig. 3(h).

9) From t7 to t8: S1,54 are on and S2,S3 are off. Q1 is
on and Q2 is off. The negative inductor current rises through
zero and becomes positive. The value of the current I, will
increase to positive maximum at t8. The next cycle will start at
t8, as shown in Fig. 3(a).

It is noted that the auxiliary circuit is a typical bridge config-
uration with pure inductive load, all four switches (S1-S4) can
achieve zero voltage switching as discussed in [19].

When the duty cycle D equals 0.5, the operation is similar
to that for D > 0.5 and the details are not explained here in
order to save space. The key difference is that there is no overlap
between the drive signal of S1 and S2, so S1 and S2 will not
conduct simultaneously and there is no current circling through
them. The waveforms are shown in Fig. 5.

When the duty cycle D is less than 0.5, the operation is similar
to that for D > 0.5 and the details are not explained here. The
key difference is that current circles though S3 and S4 instead
of S1 and S2. The waveforms are shown in Fig. 6.

Theoretically, the proposed resonant gate drive circuit can op-
erate in full duty cycle range (from O to 1). This can be achieved
by controlling the drive signals of switches S1 — S4.

It can be noted that one significant difference between the

proposed resonant gate drive circuit and the existing resonant
gate drive circuits is that the inductor is connected in a bridge
configuration. Therefore, the inductor current can be controlled
much more tightly as compared with other configurations, as
n [9]-[11], [13], and [14]. In addition, because the MOSFET
gate voltage is clamped between 0 and V.., there is no res-
onance between the inductor and MOSFET input capacitor.
Consequently, the proposed resonant gate drive circuit does
not have transient issue related to the existing resonant gate
drive circuits. During large and sudden duty cycle change, the
worst case situation for the proposed circuit is that the aux-
iliary switches cannot achieve zero voltage switching and the
gate energy cannot be recovered.

III. Loss COMPARISON

This section analyzes the loss of the proposed resonant gate
drive circuit. The key parameter impacting the gate drive loss
is the peak inductor current I, Which is used to charge and



1576

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 23, NO. 3, MAY 2008

T
S1 S2
Vsgst E Q Vsgs2 S1 )
af u @ Vsg st E Q Vsg s2
Vgs Q1 Vgs @2 at U Q2
| 98 NN 98! |
™ m I | Vgs Q1 e Vgs @2 |
CoQt — CQ_Q%- | cq 0t — Cg_ﬁ I
T VM E 83 4 E UQS_S“T T Vgs 3 E S3 4 Vgs ¢ SAT
— =
(a) (b)
Ve Ve
T
S1 S2 S1 S2
Vsg s1 Vsg s2 Vsg st Vsg s2
L Q1 E L1 H QZJ L Q1 L1 E QZJ
| Vgs Q1 —m—— Vgs Q2 | } Vgs Q1 A Vgs Q2 {
= l caaf — Clﬂi ] - l Ce S Cwi i

e,

[ g

(c) (d)
T i
L - VSQ'TH'E * " . EI_VSQSZ QZJ ngTIE S & Hl_ng.sz
| Vgs 01 200 Vs 02 | Ll e Vgs Qf . Vgs Q2 02|
® J_ Co 0 — Cg_Qi S l - - ﬂ:_; 0 C;-Qi [
T Vﬁ‘ 3 4 ﬁl_vgs—s“T "|' VME‘ s3 4 ﬂI_Vgs_s4—|'
i
T T
(e (H
Ve Ve
T T
af VSQT”E ’ L1 . H,_ngsz on L af VSQ_T“-E . L1 N H’_ngsz on
| Vgs Q1 PR Vgs Q2 | | Vgs Q1 e Vgs Q2 |
- J_ ca ~ H Cg_Oﬂ_ S l cq — C&OEL s
‘|’ v&”ﬂ} 83 S4 EI_Vgs_ 54“’ ‘I' v@ 83 4 EH_Vgs_srl'
T T
(2 (h)

Fig. 3. Equivalent circuits of eight operation modes in dual low side symmetrical drive circuit. (a) Mode 1 (t < t0andt7 < t < t8).(b)Mode2 (t0 < t < t1).
(¢)Mode 3 (t1 <t < t2).(d)Mode4 (t2 <t < t3).(e) Mode 5 (t3 <t < t4).(f) Mode 6 (t4 < t < t5).(g) Mode 7 (t5 < t < t6). (h) Mode

8(t6 < t < tT).

discharge the input capacitors of power MOSFETs. Assume the
power MOSFET @1 and @2 in Fig. 2 are identical and their
desired switching time is ¢, the required peak inductor current,
which is also the charge and discharge current can be given as
follows:

Qq
= (M)

SwW

ILpeak =

where, @), is the total gate charge of each power MOSFET. It is
noted that increasing Iz peax Will reduce the switching time as
well as the switching loss.

Fig. 7 redraws the inductor current and the current through
S1— 5S4 when D > 0.5, where D = (t7 — t0)/(t8 — t0). The
RMS value of the inductor current can be calculated as follows:

3

4D —1
= ILpeak * 3 . (2)

At D = 0.5, the inductor current becomes triangular and
Irrus equals Irpear/ V3.

2D — 1 I peal’
ILRMS:\/Q*T*ILpeak2+2(1_D)*£
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Fig. 4. Typical waveforms of the proposed resonant gate drive circuit with
D > 0.5.
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Fig. 5. Typical waveforms of the proposed resonant gate drive circuit with
D =0.5.

As time intervals tO—tl, t2—t3, t4—t5, and t6-t7 are much
shorter than the on/off time and the operating period of the
circuit, they are neglected when evaluating the RMS currents
for switches S1 — S4 in order to simplify the analysis. The
RMS currents through switches S1 and S2 are the same and
are given as follows:

Isirms = Isarms

2D -1 I%eak
:\/E*T*I%peak—i—(l—D)*pT

/5D — 2
= ILpeak * T 3)

At D = 0.5, the RMS current flowing through switches S1 and
S2 equals ILpeak/\/a
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Fig. 6. Typical waveforms of the proposed resonant gate drive circuit with
D < 0.5.
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The RMS currents through switches S3 and S4 are the same
and given as follows:

1-D

3 “)

At D = 0.5, the RMS current equals to ILpeak/\/(_i.

In the case of duty cycle D < 0.5, the RMS value of the
inductor current can still be obtained by (2), the RMS currents
through S1 and S2 can be obtained by (4), and the RMS currents
through S3 and S4 can be obtained by (3), except that the duty
cycle D needs to be replaced by 1 — D in those equations.

The total power loss of the proposed resonant gate drive cir-
cuitis the sum of the resistive loss caused by R g (on) of S1—54,
the gate drive losses of S1 — S4, the core loss and the copper
loss of the resonant inductor L1, and the resistive loss caused by
the internal gate resistor of the power MOSFET R . There is no
switching loss or cross conduction loss as switches S1 — 54 op-
erate in ZVS condition.

The copper loss of the inductor winding is given as follows:

Issrms = Isarms = Irpeak *

Pcopper = Rac * ILRIV[S2 (5)
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where R, is the ac resistance of the inductor winding. The in-
ductor core loss P, depends upon the inductor design. High-
frequency core materials such as 3F5 or PC50 should be used
to reduce core loss. Air core inductor may be used when the
switching frequency goes above 2 MHz. In that case, core loss
is eliminated. The total inductor loss is given as follows:

Pind = Pcopper + Pcore~ (6)

Both the charge and discharge currents flow through the in-
ternal gate mesh resistor Rg of the power MOSFET and cause
resistive loss. The charge and discharge current is the peak value
of the inductor current. Thus, the total losses caused by the in-
ternal resistance of two power MOSFETSs during turn-on and
turn-off intervals can be calculated as follows:

Prg =2%2x* Rg * Iipeak * tow * [ @)

where tg, is the switching time and f; is the switching fre-
quency. Prg includes both the charging loss and discharging
loss caused by the internal resistance of two power MOSFETs.
The conduction loss caused by S1 and S2 can be calculated
by (8), where Rs1(on) 18 the on resistor of S1 and 52
5D —2

PtOp =2 Rdsl(on) * Ichak2 * 3 . (8)

The conduction loss of S3 and S4 can be calculated by (9),
where Rgs3(on) 18 the on resistor of S3 and S4.
1-D
Pbott = 2% Rds3(on) * I%peak * T (9)
As mentioned before, switches S3 and S4 are N-channel
MOSEFETs, whereas switches S1 and S2 can be either
N-channel MOSFET or P-channel MOSFETSs depending on de-
sign. When same MOSFET is selected for all switches S1— 54,
the total conduction loss caused by the switches S1 — S4 is
given by (10), where Ry (on) is the on resistor of S1 — S4

4D -1

Pcond = Ptop + Pbott =2x Rds(on) * I%peak * - (10)
The switching frequency of these S1 — S4 is the same as the
switching frequency f; of the power MOSFETs. The total gate
drive loss of all four switches (S1— S4) is given by (11), where
Qg_s is the total gate charge of switch (S1 — S4), V,,_s is the
drive voltage of the switch (S1 — S4), which is usually 5 V
PGate:4*Qg_s*Vgs_s*fs- (11)
Therefore, the total loss of the resonant gate drive circuit can
be calculated by adding all above losses together and given as
follows:
Pprv = Peond + Pra + Paate + Pina. (12)
It is noted that the above loss is for driving two power MOS-
FETs. The above analysis assumes D > 0.5. In the case of duty
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Fig.8. Loss breakdown in resonant gate drive circuit under different duty cycle.

cycle D < 0.5, the total loss of the proposed resonant gate drive
circuit can be calculated in the same way, except that different
expressions for the RMS currents of the inductor and switches
need to be used.

An example is taken for understanding the gate drive
loss under the proposed resonant gate drive circuit. Two
IRF6618 are selected as power MOSFET, with total gate charge
Qg = 93 nC when V,, = 12 V. Its internal gate resistor R
is 1 . FDN335N is selected for switches S1-S4, with typical
Rgs(on) = 0.07 € and total gate charge Q,_s = 3.5 nC. Assume
the inductor peak current is 1.2 A. The switching frequency is
1 MHz. DS3316P-2.2 uH is chosen as the resonant inductor.
The core loss of the inductor at 1 MHz is 0.147 W and the
estimated ac winding resistance is 0.044 (2. The loss breakdown
under different duty cycle D is calculated and shown in Fig. 8.

As indicated from (2)—(12), the RMS currents flowing
through the resonant inductor and switches vary with the op-
eration duty cycle, so does the total loss of the proposed drive
circuit. However, the loss variation is not significant. It can be
observed that the total gate drive loss is 0.75 W at D = 0.5,
and total gate drive loss is 0.88 W for D = 0.25 and D = 0.75.
This shows that when D changes from 0.25 to 0.75 (a very large
variation range for a practical power supply), the power loss
changes from 0.75 W to 0.88 W, only 0.13 W. It is quite small.

It is also observed from Fig. 8 that the most significant loss is
caused by the internal gate resistor R¢ of the power MOSFET.
Many presented resonant gate drive circuits claim that most of the
driving loss can be recovered, but they did not actually mentioned
the loss caused by the internal resistor of the power MOSFET.
This is one of the major reasons that their experiment results are
usually much worse than the claimed calculation results. Refer
to the calculated results in Table I, which will be explained in
next section, the loss saving of the proposed circuit is more than
86% if the loss caused by R is not considered. The number
can be even more impressive by reducing the charge/discharge
current. Obviously, this is not realistic as the switching time and
the switching loss may become unreasonable.

Another concern should be addressed here is that a tradeoff
between the power MOSFET switching loss reduction and the
driving loss increase needs to be made. As mentioned before, in-
creasing peak inductor current I7,,..x Will reduce the switching
time as well as the switching loss, but large I cax Will slightly
increase the driving loss as discussed earlier.
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TABLE I
CALCULATED GATE DRIVE LOSS

Gate charge loss

Driver chip loss Total Drive loss

Conventional driver 2.23W 0.3W 2.53W
Resonant gate driver 0.75W 0.04W 0.79W
Loss Saving 1.48W 0.26W 1.74W

IV. ADVANTAGES OF THE NEW RESONANT
GATE DRIVE CIRCUIT

This section discusses the advantages of the proposed reso-
nant gate drive circuit.

A. Gate Drive Loss Saving

The same example is taken for comparing the gate drive loss
under the proposed resonant gate drive circuit and conventional
gate drive scheme. At switching frequency at 1| MHz and D =
0.5, the gate drive loss of resonant gate drive circuit is calculated
to be 0.75 W by the analysis in Section III.

The gate drive loss under conventional gate drive scheme can
be calculated to be 2.23 W by as follows:

PDRV:QS*VgS*fs- (13)

There are lots of driver chips based on conventional gate drive
scheme in the market. The loss of the driver chip itself is usually
around 300 mW at 1 MHz [1]. Therefore, the total gate drive
related loss under conventional drive scheme is 2.53 W (2.23 W
+ 0.3 W). Itis noted that the loss will be dissipated in drive chip,
which cannot handle such a high power loss. The compromise is
to lower the gate voltage to around 5 V. The penalty is increased
conduction loss as Rqs(on) Will be increased at Vg = 5 V. In
this paper, Vgs = 12 V is used for both cases.

In the proposed resonant gate drive circuit, some logic circuits
and level shift circuits are needed to generate the drive signals
for switches S1—.54. The loss of these logic circuits is estimated
as 40 mW. Therefore, the total gate drive related loss for pro-
posed resonant gate drive circuitis 0.79 W (0.75 W + 0.04 W).
The gate drive loss saving realized by using resonant gate drive
circuit is 68.7% (1.74/2.53). Table I summarizes the above cal-
culation result.

B. Switching Loss Reduction

It is noted that most of the switching loss happens at Miller
plateau. Atthe MOSFET turn-on interval, during Miller plateau,
the drain current rises from zero to load current level while the
drain-source voltage is still high. At MOSFET turn-off interval,
during Miller plateau, the drain-source voltage rises from zero to
high voltage while the drain current is still at load current level.
Therefore, by reducing the Miller plateau interval, the switching
loss can be reduced. The Miller voltage is normally around 2 —
3 V.

Take the turn-off interval as an example, the theoretical dis-
charge current at Miller plateau is 0.86 A when (Rg (~1 €,
driver resistance (~1.5 §2), and optional external resistor (1 €2)
are considered. However, because of the leakage inductance in

the discharge loop introduced by PCB track and bonding wire
inside MOSFET, the actual discharge current is much smaller.
Therefore, the turn-off time is longer and turn-off loss is greater.
Similarly, during turn-on interval, the charge current at Miller
plateau will be even smaller if Vs = 5 V is used and therefore,
longer turn-on time and greater turn loss. This is the problem
with conventional gate drive scheme.

With the proposed resonant gate drive circuit, the MOSFET
gate is charged and discharged at the peak inductor current
during the switching interval (Miller plateau). The current is
constant during the switching interval. In addition, the impact
of the leakage inductance is removed as it is in series with
a much larger inductor. Therefore, the turn-on and turn-off
time can be significantly reduced and the switching loss can
be reduced. The experimental results provided in Section VI
verified this.

C. Body Diode Conduction Time Reduction

It is noted that in order to avoid cross conduction, dead time
is introduced for synchronous rectifier MOSFET gate drive sig-
nals. During the dead time, the body diode of the SR FET is on
and causing loss. With the proposed resonant gate drive circuit,
the dead time can be reduced as the SR FET can be turned on
and turned off faster as shown in the analysis above. Therefore,
the diode conduction loss can be reduced.

D. High Noise Immunity and Alleviation of Dv/Dt Effect

With the new resonant gate drive circuit, the gate of the
power MOSFET is connected to either source or ground via
low impedance path, rather than through the external gate
resistor and driver’s on-resistance (a few ohms) in conventional
gate drive scheme. Therefore, the noise immunity is signifi-
cantly improved and it is much less likely the synchronous FET
will be turned on by dv/dt effect.

E. Less Impact of Parasitic Inductance

As the gate is charged/discharged by a constant current
source, the negative impact by the parasitic inductance in the
gate drive loop (such as PCB track, lead inside the MOSFET)
can also be significantly reduced.

V. APPLICATIONS

The proposed resonant gate drive circuit can be used in a wide
range of switching power converters. It can be used to drive the
synchronous rectifier in a current doubler circuit, the primary
MOSFET in push—pull converters, as well as the so-called bus
converter when the duty cycle is 50%. Fig. 9 shows that the pro-
posed resonant gate drive circuit is used to drive the synchronous
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Fig. 10. Current fed push—pull converter with resonant gate drive circuit.

rectifiers in a current doubler circuit. In this application, the duty
cycles for Q1 and Q2 are the same and larger than 50%. With
the resonant gate drive circuit, most of gate drive energy can be
recovered. In addition, the turn-on and turn-off time of 1 and
(2 can also be reduced, which will help reduce their body diode
conduction loss.

Figs. 10 and 11 show the current fed push—pull converter and
voltage fed push—pull converter with resonant gate drive circuit
to drive the primary side MOSFET, Q1 and Q2. In current fed
push—pull converter, the duty cycle for Q1 and Q2 is same and
larger than 50%. In voltage fed push—pull converter, the duty
cycle is less than 50%.
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Fig. 11. Voltage fed push—pull converter with resonant gate drive circuit.

VI. COMPUTER SIMULATION AND EXPERIMENTAL RESULTS

The proposed resonant gate drive circuit shown in Fig. 2 was
simulated by PSPICE. The operation of the conventional gate
drive circuit shown in Fig. 1 was also simulated. The compo-
nents listed at the end of Section III are used for the simu-
lation. Besides, a 3-( resistor is connected from the drain of
each power MOSFET to a 12-V source as the load. Simulated
gate voltage and charge/discharge current waveforms at duty
cycle D = 0.7 condition are shown in Fig. 12. It is observed
from Fig. 12(a) that the charge current and discharge current is
fairly constant during turn-on and turn-off time interval. Hence,
the input capacitor of the driven power MOSFET, including
both gate-source capacitor C,s and gate-drain capacitor Cyq
(or Miller capacitor) is charged and discharged very fast and
the Miller plateau is not obvious in the simulation waveform.
Fig. 12(b) shows the gate charge/discharge current for conven-
tional gate drive circuit. It is observed that although the peak
current is 2.5 A, the current used to remove the Miller capacitor
(Cga) in turn-off transition is quite small, only around 0.5 A.
Thus, Cyq needs more time to be discharged and The Miller
plateau at the turn-off interval is clearly observed.

The longer it takes to charge/discharge the input capacitor
of the power MOSFET, the higher the switching loss is gener-
ated. The proposed resonant gate drive circuit can charge/dis-
charge the Miller capacitor faster than the conventional gate
drive scheme, thus lower switching loss can be expected. By
selecting appropriate peak inductor current, which is also the
charge/discharge current, the proposed drive circuit can achieve
significant gate drive loss saving and switching loss reduction.

Boost converters are used to demonstrate the feasibility
and advantages of the proposed resonant gate drive circuit.
One Boost converter is driven by conventional drive chip
UCC27323 from Texas Instrument and the other is driven by
the proposed resonant gate drive circuit. The power train of
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Fig. 12. Simulated key waveforms of the proposed resonant gate drive circuit
and conventional gate drive circuit. (a) Gate drive voltage and charge/discharge

current of the proposed resonant gate drive circuit. (b) Gate drive voltage and
charge/discharge current of the conventional gate drive circuit.

the Boost converters is same. IRF6618 is used as the Boost
MOSFET. Schottky diode 10TQ40 is used as the diode. The
Boost inductor value is 2 ©H. The Boost inductor current ripple
is 1.4 A peak to peak. The switching frequency is 1 MHz for
both cases. The duty cycle is 50% and the output voltage is
regulated at 11.35 V by slightly adjusting the input voltage.
The input voltage is around 5.7 V for all the test cases. In
the test setup, the gate drive circuit is powered by one power
supply (with Vc of 12 V) and the Boost converter is powered
by another power supply. Thus, the gate drive loss can be
separated from the power circuit loss.

The circuit diagram of the prototype is shown in Fig. 13.

In the prototype, all switches S1 — S4 are of N channel
MOSFET. Since the driving voltage of the power MOSFETSs
is 12 V and the driving voltage of the switches S1 — S4 is
5 V, level shift circuit is needed for generating the drive sig-
nals of high-side switches S1 and S2, no matter what P channel
MOSFET or N channel MOSFET is used. Usually, P channel
MOSFET has higher Rg4son than N channel MOSFET. How-
ever, the conduction loss caused by the switches S1 — S4 is a
small portion of the total loss of the proposed circuit (refer to
Fig. 8). Furthermore, two MOSFETsSs, an N channel MOSFET
FDN335N with 0.07 € typical Rgson and a P channel MOSFET
FDN342P with 0.08 Q2R ., are considered for the loss estima-
tion of the proposed drive circuit. The difference of the conduc-
tion loss caused by these two MOSFETS is not significant since
the difference of their Ryso, 1S small.
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Fig. 13. Circuit diagram of the prototype.

Fig. 14 shows the logic circuit for generating the drive signals
of switches S1 — S4. A simple RC network is used to generate
the needed delay time. Fig. 15 shows the level shift circuit used
in the prototype.

The measured gate drive loss under conventional drive
scheme is 2.61 W (2.53 W from calculation) at 1-MHz op-
eration. The gate drive loss for proposed resonant gate drive
scheme is only 0.864 W (0.75 W from calculation). The loss
reduction is 1.746 W, or 67% of the conventional gate drive
loss. The measured gate drive loss is very close to the calculated
loss.

Fig. 16 shows measured key waveforms of the resonant gate
drive circuit. Fig. 16(a) shows the gate signals for S1, 52,53,
and S4. The dead time is easily achieved. Fig. 16(b) shows the
gate voltage and the resonant inductor current. It is observed that
waveform is very clean and the peak inductor current is used to
charge and discharge the gate capacitor. No Miller plateau is
observed.

Fig. 17 shows the comparison of gate voltage and gate cur-
rent of the resonant gate drive circuit and the conventional gate
drive circuit. It is observed from Fig. 17(a) that the gate cur-
rent during switching interval is almost constant. The charging
and discharging current is about 1.3 A. The miller plateau is not
observed, which shows that the Miller charge is removed very
quickly. It is also observed from Fig. 17(b) that for conventional
gate drive circuit, the peak current is similar. However, the gate
current at Miller plateau is quite small (around 0.3 A) and sig-
nificant Miller plateau is observed.

The waveforms shown in Fig. 17 also indicate that the
switching time is reduced for resonant gate drive circuit. In
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order to illustrate this point more clearly, the total power
train loss of the Boost converter (excluding gate drive loss) is

measured under different load current (0.4 A and 0.8 A) when
output voltage is regulated at 11.35 V. For conventional gate
drive scheme, the loss is measured under four conditions, with
gate resistor of 2.5 Q and 1 €, as well as with load current of
0.4 A and 0.8 A. Table IT summarizes the total power train loss
measurement (excluding gate drive loss).

The following two points can be concluded from Table II:

A. External Gate Resistor Impact Switching Loss for
Conventional Driver

For conventional drive, comparing case 1 to case 3, and case 2
to case 4, it can be observed that with a smaller gate resistor, the
total loss is smaller. The loss difference is due to the switching
loss difference in these cases as all the other conditions are same.
This is known to the engineering field.

B. Resonant Gate Driver Can Reduce Switching Loss

As can be observed from case 3, with the proposed resonant
gate driver, the total loss is 1.92 W, while the total loss with
conventional driver is 1.98 W. The difference of the total power
loss is the switching loss reduction as all the other conditions
are same. Therefore, the switching loss reduction is 0.06 W. In
case 4, where the current is doubled, the total loss is also in-
creased. The switching loss reduction with resonant gate driver
is 0.18 W (2.5 W-2.32 W). It is noted that the power circuit is
same for both cases. When the external gate resistor is 2.5 €2,
the switching loss reduction is even further.

The above observation indicates that the proposed resonant
gate drive circuit can reduce the switching loss by reducing the
switching time, which is achieved by charging and discharging
the gate capacitor at high current level. It is expected that the
switching loss reduction will become more significant when the
load current is further increased.

VII. CONCLUSION

A new resonant gate drive circuit is proposed in this paper.
The proposed drive circuit can provide two symmetrical drive
signals to drive two MOSFETs. It charges and discharges the
MOSFET gate capacitor at a high current level and clamp the
drive voltage to either source voltage level or zero via a low
impedance path. The proposed circuit can recover most of the
gate drive energy. More importantly, it can reduce the switching
time and thus reduce the switching loss. Operation principle and
loss analysis are provided. Simulation and experimental results
and key waveforms are provided as well. From measurement,
the gate drive loss can be reduced by 67% as compared with
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TABLE II
TOTAL POWER TRAIN LOSS COMPARISON, Vg = 12V, V, = 11.35 V, F, = 1 MHz
Conventional Driver Resonant Driver
Load Current Loss Saving
Rg_ext P_loss P_loss
Case 1 04 A 2.5Q 2.07 W 1.92 W 0.15W
Case 2 0.8 A 2.5Q 2.78 W 232 W 0.46 W
Case 3 04 A 1Q 1.98 W 1.92 W 0.06 W
Case 4 0.8 A 1Q 2.50 W 232 W 0.18 W

the conventional gate drive approach. In addition, the switching
loss can also be reduced significantly. Computer simulation and
experimental prototype verifies the feasibility of the new circuit
and the significant advantages of the new resonant gate drive
circuit.
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