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1
CURRENT-SOURCE GATE DRIVER

RELATED APPLICATION

This application claims the benefit of the filing date of U.S.
Provisional Patent Application Ser. No. 61/064,233, filed
Feb. 22, 2008, the content of which is hereby incorporated by
reference in its entirety.

FIELD OF THE INVENTION

This invention relates to a gate driver for use in a voltage
regulator module or other switching converter. In particular,
this invention relates to a current-source gate driver for
improving efficiency of each of the power switching devices
of a voltage regulator module independently.

BACKGROUND OF THE INVENTION

To meet the strict transient requirements of future micro-
processors and to reduce the number of passive components
required to achieve high power density, the switching fre-
quency of voltage regulators (VR) will move into the mega-
hertz (MHz) range in the next few years [1]-[4].

However, an increase in switching frequency may lead to
poor efficiency of the VR due to excessive switching loss and
gate drive loss, which are proportional to the switching fre-
quency. Consequently, overall performance of the VR will be
degraded. More importantly, it has been shown that in appli-
cations such as a high frequency (1 MHz) synchronous buck
VR, the parasitic inductance, especially the common source
inductance, has a substantial propagation effect during the
switching transition of the power switching devices and thus
results in high switching loss [5].

The resonant gate drive technique has received consider-
able attention as an approach to recovering gate energy lost in
conventional gate drivers. In the approach taken by Chen et al.
[6], the power MOSFET gate was not actively clamped high
or low, which resulted in poor noise immunity. Yao et al.
proposed resonant drivers using a coupled inductor [7] or a
transformer [8] that were able to drive two MOSFETs. How-
ever, the leakage inductance of these approaches becomes
substantial at MHz frequency. A full-bridge topology drive
circuit with one inductor to drive two ground-sharing MOS-
FETs in a 1 MHz Boost converter was proposed by Li et al.
[9]. Dwane et al. [10] provided an assessment of resonant
drive techniques for use in low power dc/dec converters, and
Lopez et al. [11] constructed a mathematical model to esti-
mate the power loss of a resonant drive circuit. However, all of
these approaches focus on gate energy savings realized by the
resonant gate driver, but do not consider the potential switch-
ing loss savings, which are more important in a VR and other
switching converters operating at MHz frequencies.

In our previous work [12]-[16], we showed that use of a
constant drive current in a resonant gate driver can signifi-
cantly reduce the switching transition time and switching loss
of power switching devices. Using a current-source topology
for the driver in a buck VR, we demonstrated a significant
improvement in efficiency over the conventional voltage
driver at a switching frequency of 1 MHz. However, with that
approach it was not possible to achieve control of the power
switching devices independently.

SUMMARY OF THE INVENTION

According to a first aspect of the invention there is provided
a current-source gate drive circuit for use with a switching
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2
device having a gate capacitance, comprising: an input termi-
nal for receiving a DC voltage; a first switch connected
between the input terminal and an output terminal; a second
switch connected between the output terminal and a circuit
common; a series circuit comprising a first capacitor and an
inductor, the series circuit connected between the input ter-
minal and the output terminal; wherein the gate capacitance
of the switching device is connected between the output ter-
minal and the circuit common.

The current-source gate driver may further comprise a
second capacitor connected between a node between the first
capacitor and the inductor, and the circuit common.

The current-source gate drive circuit may further comprise
a third capacitor connected between the node and the induc-
tor.

The switching device may be a synchronous power switch-
ing device of a buck converter, or a low side power switching
device of a bridge leg.

A second aspect of the invention relates to a current-source
gate drive circuit for use with a switching device having a gate
capacitance, comprising: an input terminal for receiving a DC
voltage; a rectifier connected between the input terminal and
a first node; a first switch connected between the first node
and an output terminal; a second switch connected between
the output terminal and a floating point; a series circuit com-
prising a first capacitor and an inductor, the series circuit
connected between the first node and the output terminal; and
a second capacitor connected between the first node the float-
ing point; wherein the gate capacitance of the switching
device is connected between the output terminal and the
floating point.

In one embodiment, the series circuit may be connected
between the floating point and the output terminal.

The switching device may be a control power switching
device of a buck converter.

The switching device may be a high side power switching
device of a bridge leg.

A third aspect of the invention relates to a current-source
gate drive circuit for use with a switching device having a gate
capacitance, comprising: an input terminal for receiving a DC
voltage; a rectifier connected between the input terminal and
a first node; a first switch connected between the first node
and an output terminal; a second switch connected between
the output terminal and a floating point; a series circuit com-
prising a first capacitor and second capacitor, the series circuit
connected between the first node and the floating point; and
an inductor connected between a point between the first and
second capacitors and the output terminal; wherein the gate
capacitance of the switching device is connected between the
output terminal and the floating point.

The current-source gate drive circuit may further comprise
a third capacitor connected in series with the inductor,
between the first and second capacitors and the output termi-
nal.

The switching device may be a control power switching
device of a buck converter.

The switching device may be a high side power switching
device of a bridge leg.

A fourth aspect of the invention relates to a voltage regu-
lator having a high side power switching device and a low side
power switching device, each said power switching device
having a gate capacitance, comprising: the current-source
gate drive circuit of the first aspect, above, for driving the high
side power switching device; and the current-source gate
drive circuit of the second aspect, above, for driving the low
side power switching device.
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The inductor of the current-source gate drive circuit for
driving the high side power switching device may share a
magnetic component with the inductor of the current-source
gate drive circuit for driving the low side power switching
device.

A fifth aspect of the invention relates to a method of con-
trolling switching of a switching device having a gate capaci-
tance, comprising:

(a) providing a constant current source in a first direction to
charge the gate capacitance of the switching device;

(b) clamping the voltage across the gate capacitance to a
high value, to turn the switching device on;

(c) reversing direction of the constant current source to
discharge the gate capacitance of the switching device; and

(d) clamping the voltage across the gate capacitance to a
low value, to turn the switching device off;

wherein the constant current source comprises an inductor
current.

The switching device may be the high side power switch-
ing device or the low side power switching device of a voltage
regulator or a bridge leg.

A sixth aspect of the invention relates to a method of
controlling independently the switching of high side and low
side power switching devices of a voltage regulator, each said
power switching device having a gate capacitance, compris-
ing: independently applying the above method to each of the
high side and low side power switching devices of the voltage
regulator.

In one embodiment, inductor currents applied to the high
side and low side power switching devices are not equal.

Another embodiment may comprise applying the above
method to the high side power switching device of the voltage
regulator using a high inductor current; and applying the
above method to the low side power switching device of the
voltage regulator using a low inductor current.

The voltage regulator may be a buck converter.

In one embodiment, controlling may include repeating
steps (a) to (d) once per cycle at a frequency of at least 300
kHz.

In another embodiment, the frequency is at least 1 MHz.

In the above embodiments, the switching device may be a
power switching device selected from a MOSFET (metal
oxide semiconductor field effect transistor), an IGBT (insu-
lated gate bipolar transistor), and a MCT (MOS controlled
thyristor).

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will be described below, by
way of example, with reference to the accompanying draw-
ings, wherein:

FIG. 1 is a schematic diagram of a generalized current-
source gate drive circuit of the invention;

FIG. 2 is a timing diagram showing key waveforms of the
circuit of FIG. 1;

FIGS. 3A-3D show equivalent circuits of the circuit of FIG.
1 for each of four switching modes during one complete
switching cycle;

FIGS. 4A and 4B are schematic diagrams of alternative
embodiments of the current-source gate drive circuit, suitable
for driving a ground-referenced power switching device;

FIGS. 5A to 5D are schematic diagrams of alternative
embodiments of the current-source gate drive circuit, suitable
for driving a non-ground referenced power switching device;

FIG. 6 is a schematic diagram showing the current-source
gate drive circuit used to drive two power switching devices in
a bridge leg;
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FIG. 7 is a schematic diagram showing two current-source
gate drive circuits used to drive the control and synchronous
MOSFETs of a buck VR according to an embodiment of the
invention;

FIG. 8 is a timing diagram showing key waveforms of the
current-source gate drive circuits and MOSFETS of FIG. 7;

FIGS. 9A-9F show equivalent circuits of the circuit of FIG.
7 for each of six switching modes during one complete
switching cycle;

FIG. 10 is a plot showing optimization curves for a current-
source gate driver for the synchronous rectifier MOSFET of a
buck converter;

FIG. 11 is a schematic diagram showing two current-
source gate driver circuits with an integrated inductor;

FIG. 12 is a diagram showing an integrated inductor struc-
ture suitable for the integrated inductor of FIG. 11;

FIG. 13 is a plot showing the flux ripple cancellation effect
of an integrated inductor;

FIG. 14 is a trace showing gate signals for the control and
synchronous MOSFETs of a buck converter built using the
current-source gate drive circuit of FIG. 7;

FIG. 15 shows traces of the inductor current waveforms of
a buck converter built using the current-source gate drive
circuit of FIG. 7, with two discrete inductors;

FIG. 16 shows traces of the inductor current waveforms of
a buck converter built using the current-source gate drive
circuit of FIG. 7, with an integrated inductor;

FIG. 17 is a plot comparing the efficiency of a buck con-
verter having a conventional driver, a current-source gate
driver with two discrete inductors, and a current-source gate
driver having an integrated inductor;

FIG. 18 is a plot comparing the power loss of a buck
converter having a conventional driver to that of a buck con-
verter having a current-source gate driver with two discrete
inductors, for an output of 1.5V and 30 A;

FIG. 19 is a plot comparing efficiency of a buck converter
having a current-source gate driver with two discrete induc-
tors, at output voltages of 1.0V, 1.2V, 1.3V, and 1.5V;

FIG. 20 is a schematic diagram of a hybrid current-source
gate drive circuit for driving the control power switching
device of a buck voltage regulator, according to another
embodiment of the invention;

FIG. 21 shows key waveforms of the circuit of FIG. 20;

FIGS. 22A and 22B are schematic diagrams of equivalent
circuits of the circuit of FIG. 20;

FIG. 23 shows traces of the gate signals and the inductor
current of the circuit of FIG. 20;

FIG. 24 shows traces of the voltage driver and current-
source driver signals, and the inductor current of FIG. 20, for
one cycle; and

FIG. 25 is a plot comparing the efficiency of the circuit of
FIG. 20 and of a buck converter with conventional gate driv-
ers.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

For the purpose of this description, the term MOSFET
(metal oxide semiconductor field effect transistor) will be
used as a non-limiting example for all switching devices,
including power switching devices. It will be understood that
other suitable devices, such as, for example, an IGBT (insu-
lated gate bipolar transistor), or a MCT (MOS controlled
thyristor), may be used for the power switching device. It will
also be understood that other devices, such as a BJT (bipolar
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junction transistor, in which case a body diode (i.e., antipar-
allel diode) is required) may also be used for a drive switch of
the current-source gate driver.

As known in the art, a switching device such as a FET has
inherent capacitance. For example, for a FET, there is inher-
ent capacitance between the gate terminal and the source
terminal, between the drain terminal and source terminal, and
between gate terminal and drain terminal.

As used herein, the terms “C_”, “gate capacitance”, “gate
capacitor”, “input capacitance”, and “input capacitor” are
interchangeable and refer to the inherent capacitance between
the gate and source terminals of a FET switching device.
Those of ordinary skill in the art will understand that the gate
capacitance of a switching device is distinct from and does
not include any discrete capacitor that may be connected to
the gate of the switching device. Expressions such as “con-
nected to the gate capacitance” and “connected to the gate
capacitor” refer to a connection to the gate or control terminal
of such switching devices.

As used herein, the terms “C_”, “drain capacitance”,
“drain capacitor”, “output capacitance”, and “output capaci-
tor” are interchangeable and refer to the inherent capacitance
between the drain and source terminals of a FET switching
device. Those of ordinary skill in the art will understand that
the drain capacitance of a switching device is distinct from
and does not include any discrete capacitor that may be con-
nected to the drain of the switching device. Expressions such
as “connected to the drain capacitance” and “connected to the
drain capacitor” refer to a connection to the drain terminal of
such switching devices.

As used herein, the term “C,,” refers to the inherent
capacitance between the gate and drain terminals of a FET
switching device. Those of ordinary skill in the art will under-
stand that the inherent capacitance between the gate and drain
terminals of a FET switching device includes the “Miller
capacitor” or “Miller capacitance” of the device, which is
related to the gain of the device. The terms “C,,;”, “Miller
capacitor”, and “Miller capacitance” may be used inter-
changeably herein. Those of ordinary skill in the art will also
understand that the C,_; of a switching device is distinct from
and does not include any discrete capacitor that may be con-
nected to the drain or gate of the switching device.

As used herein, the term “current-source” is intended to
refer to an idealized current-source which may be approxi-
mated by at least a portion of the magnetizing current of a
transformer winding, a current through an inductor, or the
like. In embodiments of the current-source gate driver
described herein, the time constant of the inductor and the
equivalent capacitor (e.g., the sum of C_, and C,,) of the
power switching device is much larger (for example, 10 to 20
times larger) than the switching transition time (i.e., turn on
time or turn off time) of the power switching device. With this
condition, the inductor current does not change substantially
during the switching transition time period. For example, any
change in the inductor current may be less than 20% of the
maximum inductor current during the switching transition
time. In contrast, the time constant of the inductor and the
equivalent gate capacitor in a resonant gate drive circuit is of
the same order as the switching transition time. With this
condition, the inductor current will change substantially
(such as from zero to its maximum value) during the switch-
ing transition time.

In one aspect, the invention relates to an efficient current-
source gate drive circuit for high frequency (i.e., 1 MHz)
applications. The drive circuit uses a constant inductor cur-
rent to achieve fast charging and discharging of the input
capacitor of the power switching device, which leads to sig-
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nificant reduction of the switching time and the switching
loss. The current-source gate drive circuit returns energy to
the supply voltage during intervals after the power switching
device is turned on and after it is turned off.

It will of course be appreciated that the current-source gate
drive circuits described herein may be used at frequencies
below 1 MHz, such as, for example, 300 kHz to 1 MHz. As
such, the current-source gate drive circuit may be used at VR
operating frequencies typical of current VR designs (e.g., in
the hundreds ot kHz). Further, the upper limit of the operating
frequency of the current-source gate drive circuits described
herein may be determined by what is possible with currently
available technology (e.g., up to 5 MHz), and is expected to
increase as high frequency technology improves.

As will be described below, embodiments of the invention
include current-source gate drive circuits for driving the low
side (i.e., synchronous) power switching device and the high-
side non-ground referenced (i.e., control) power switching
device of a buck converter, also referred to herein as a buck
VR module. Moreover, the drive switches of the gate drive
circuits achieve zero-voltage-switching (ZVS) with near zero
switching loss at very high frequency (i.e., 21 MHz).

In one embodiment, the current-source gate drive circuit is
configured for use with a synchronous buck converter. The
gate drive circuit provides a high inductor current to achieve
fast switching speed and reduce the switching loss for the
high side (control) MOSFET, and provides a lower inductor
current to achieve high efficiency of the gate energy recovery
for the low side (synchronous) MOSFET. An additional ben-
efit of fast switching speed of the power MOSETs is that the
dead time between the control MOSFET and synchronous
MOSFET is reduced, which reduces significantly both the
body diode conduction loss and the reverse recovery loss.

In another embodiment the current-source gate driver
includes adaptive voltage control, to improve light load effi-
ciency. Under light load conditions, switching loss of a power
MOSFET decreases greatly due to the lower load current, and
therefore it is not necessary to drive the MOSFET with high
drive current. Indeed, under light load conditions, the portion
of'the total power loss (i.e., the power loss of the VR plus the
current-source gate driver) that is attributed to the current-
source gate driver itself becomes greater. Because the power
loss of the current-source gate driver depends on its supply
voltage, one option is to reduce the supply voltage of the
current-source driver circuit to reduce its power loss, and
thereby reduce the total power loss under light load condi-
tions. Therefore, in this embodiment, the supply voltage of
the current-source gate driver is reduced according to the
reduction of the load current, which leads to a reduction of'the
circulating current and of the resistive loss in the gate drive
circuit to improve light load efficiency. Suitable methods to
reduce the supply voltage include, for example, a low drop out
linear regulator, a charge pump circuit, or a small DC-DC
converter. A supply voltage of, for example 12V, may be
reduced to a desired value, such as 8V, or 5 V.

Another embodiment relates to a current-source gate driver
with only one magnetic component, which may be made by
integrating two inductors, to reduce the magnetic core num-
ber. Such an embodiment is well suited for use with a syn-
chronous buck VR, and particularly for multiphase inter-
leaved buck VRs, to reduce the complexity and cost of the VR
circuit.

1.A. Current-Source Gate Drive Circuit

FIG. 1 shows an embodiment of the current-source gate
drive circuit. It includes two drive switches S; and S,, an
inductor L, and a blocking capacitor C,,. Each drive switch S,
and S, has a body diode, D, and D,, respectively, and a drain
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capacitance C, and C 4, respectively. It will be understood
by those of ordinary skill in the art that the body diodes and
the drain capacitors are intrinsic or inherent to the switches S,
and S,, and are not discrete components. Vc¢ is the drive
voltage. Q is the power switching device (e.g., a MOSFET)
and C,, is the gate capacitance of the MOSFET. S, and S, are
complementarily controlled.

1.B. Principle of Operation

FIG. 2 shows the key waveforms of the current-source
drive circuit of FIG. 1. There are four switching modes in a
one switching cycle and the equivalent circuits are shown in
FIGS. 3A-3D.

1)Mode 1 [t t;] (FIG. 3A): Prior to t,, S, conducts and the
inductor current i, increases in the positive direction. At t,,
S, is turned off. The inductor current i,, charges the drain
capacitor C,,, of S, and the gate capacitor C,, of the MOS-
FET Q and discharges the drain capacitor C,; of S, simulta-
neously. The inductor peak current I, ,, can be regarded as
a constant current-source during [t,, t, |, which ensures very
fast charging speed of the Miller capacitor of Q. Due to C
and C,, S, is at zero-voltage turn-off. The voltage of C,,
V., ises linearly and the voltage of C,,, v, decays linearly.

2) Mode 2 [t,, t,] (FIG. 3B): Att,, v, risesto V_ and v,
decays to zero. The body diode D, conducts and S, is turned
on with zero-voltage condition. The gate-to-source voltage of
Q is clamped to the drive voltage V_ through S,. From t,, the
inductor current i, decreases from the positive direction and
then increases in the negative direction.

3) Mode 3 [t,, t;] (FIG. 3C): At t,, S, is turned off. i,,
charges the drain capacitor C ;; of S, and discharges the drain
capacitor C,,, of S, and the gate capacitor C, of the MOS-
FET Q simultaneously. Due to C,; and C,, S, is at zero-
voltage turn-off. The voltage of C,, rises linearly and the
voltage of C ., decays linearly.

4) Mode 4 [t5, t,] (FIG. 3D): Att,;, v, risesto V_ and v,
decays to zero. The body diode D, conducts and S, is turned
on with zero-voltage condition. The gate-to-source voltage of
Q is clamped to ground through S,.
1C. Features of the Current-Source Gate Drive Circuit

A portion of the power MOSFET gate energy may be
recovered.

The driver achieves quick turn-on and turn-off of the power
switching device, which reduces the switching loss of the
power switching device significantly.

The driver uses a current source to drive the power switch-
ing device and reduces the negative impact of parasitic induc-
tance, especially the common source inductance, at high fre-
quency. It is noted that in a conventional VR, the propagation
effect due to parasitic inductance during the switching tran-
sition results in very high switching loss at high frequency.

The drive switches S, and S, achieve ZVS operation, which
leads to low switching loss at high frequency.

High noise immunity and alleviation of the dv/dt effect.
The power switching device (e.g., MOSFET) gate is actively
clamped high by S, and low by S, eliminating false trigger-
ing due to noise spikes.

The current-source drive circuit has simple structure and a
low component count, which makes it suitable for integration
into a gate drive IC chip. The complementary control scheme
is also very simple.

2. Further Embodiments of the Current-Source Gate Drive
Circuit

FIG. 4A and FIG. 4B show two further embodiments of the
current-source gate drive circuit of FIG. 1. These circuits have
the same features of the circuit of FIG. 1, and are based on the
same principle of operation and have the same equivalent
circuit. However, the embodiment of FIG. 1 requires fewer
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components. In FIGS. 4A and 4B, the body diodes D, and D,
and drain capacitors C;, and C ., of each drive switch S, and
S, are shown as in FIG. 1, but are not labelled. C, and C, form
a capacitor divider to block the DC offset voltage over the
inductor. These circuits are suitable for driving a ground-
referenced power switching device, such as, for example, the
low side (synchronous) MOSFET of a buck converter.

FIG. 5A shows an embodiment of the current-source gate
drive circuit suitable for driving a non-ground referenced
MOSFET such as, for example, the high side (control) MOS-
FET of a buck VR. The current-source gate driver includes a
bootstrap circuit with a diode D,and flying capacitor C, In
FIGS. 5A to 5D, the body diodes D, and D,, and drain capaci-
tors C 4, and C,, of each drive switch S, and S, are shown as
in FIG. 1, but are not labelled. FIGS. 5B, 5C, and 5D show
further embodiments of the high side driver topology.

The current-source gate drive circuit may also be used to
drive two MOSFETs in a leg of a half-bridge topology or a
full-bridge topology to achieve the switching loss reduction
and gate energy savings, as shown in FIG. 6.

3.A. Current-Source Gate Drive Circuit for a Synchronous
Buck Converter

A synchronous buck converter is the most popular VR
topology used today. In a high frequency synchronous buck
converter, the high-side switch (control MOSFET) exhibits
very high switching loss due to the common source induc-
tance, and the low side switch (synchronous MOSFET)
exhibits high gate drive loss. The high current of the current-
source drive circuits described herein achieves fast switching
speed and reduces the switching loss significantly, but high
current increases the circulating loss in the drive and reduces
the efficiency of the gate energy recovery. To maximize the
total loss savings, different currents may be used for the
control MOSFET and the synchronous MOSFET.

Thus, one embodiment of the current-source gate driver
described herein provides independent drive for the control
MOSFET and the synchronous MOSFET in a buck VR. For
the control MOSFET, this involves a tradeoff between switch-
ing loss reduction and drive circuit loss; while for the syn-
chronous MOSFET, this involves a tradeoff between body
diode conduction loss and drive circuit loss. Moreover, the
gate drive current should not flow through the power MOS-
FET.

All the above features may be achieved by the circuit
shown in FIG. 7, which includes a synchronous buck con-
verter with current-source gate drive circuits for the control
and synchronous MOSFETs. In this embodiment, current-
source driver #1 (CSD#1) provides a high inductor current to
achieve fast switching speed and reduce the switching loss for
the control MOSFET, and current-source driver #2 (CSD#2)
provides a lower inductor current to achieve high efficiency of
the gate energy recovery for the synchronous MOSFET. In
the buck converter of FIG. 7, Q, is the control MOSFET and
Q, is the synchronous MOSFET. C, and C,_, are the inher-
ent gate capacitances of Q, and Q, respectively. Current-
source driver #1 and current-source driver #2 each have a
half-bridge topology, consisting of drive switches S, and S,
and S; and S, respectively. Current-source drivers #1 and #2
may be as shown in FIG. 7, or current-source driver #2 may be
any one of the low-side drivers of FIG. 4A or 4B, and current-
source driver #1 may be any one of the high-side drivers in
FIG. 5A to 5D. With asymmetrical control, all the drive
switches may achieve zero-voltage-switching (ZVS). CSD#1
may also be regarded as a level-shift version of CSD#2.V
and V_, are the drive voltages, which may be the same or
different voltage. The diode Dprovides the path to charge C,
to the voltage of the drive voltage V. C,, and C,, are the
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blocking capacitors. S; and S, are switched out of phase with
complimentary control to drive Q,, while S; and S, are
switched out of phase with complimentary control to drive

-

The key waveforms for the circuit of FIG. 7 are shown in
FIG. 8. The switching transitions of charging and discharging
C,s1 and C,, are during the interval of [t,, t,] and [t, ts]. The
peak currents i; o, and i o, during [t,, t,] and [t;, t5] are
constant during switching transition as seen in FIG. 8, which
ensure fast charging and discharging of the gate capacitor and
the gate to drain capacitor of Q.

The crossover level of the two gate signals is less than the
threshold voltage of the switches so that the dead time may be
minimized and shoot-through may also be avoided. This cir-
cuit has the features listed above in section 1C, and in addi-
tion, the reduced switching time provided by the current-
source gate drivers also helps to reduce the dead time between
the control MOSFET and synchronous MOSFET, and also
reduces the conduction loss and the reverse recovery loss of
the body diodes.

The current-source gate drivers described herein have
excellent dynamic response. When the duty cycle has a step
change during a transient, both of the current-source gate
drivers may operate like conventional drivers regardless of
the blocking capacitors and the inductors. Moreover, during
the transient, the current-source driver for the synchronous
MOSFET may be shut down by turning on S, and clamping
the gate of the synchronous MOSFET to ground, which helps
the VR have better dynamic response, due to the high forward
voltage of the body diode of the synchronous MOSFET when
a step-down load happens.

In burst-mode control of a VR under very light load con-
ditions with variable frequency control, the current-source
gate drivers may also operate similar to a conventional driver,
except that a very small amount of the energy stored in the
inductor will be dissipated on the resistance of the drive
circuit. But since the dissipated energy is very small and the
switching frequency is much lower under burst-mode control,
the efficiency of the VR will not be substantially affected.
Furthermore, the following methods may be employed to
improve the light load efficiency: 1) reduce drive voltage of
the control MOSFET to reduce the resistive loss of the circu-
lating current and improve the recovery efficiency of the gate
energy; and/or 2) shut down the synchronous MOSFET to
eliminate its gate drive loss.

3.B. Principle of Operation

The principle of operation of the circuit of FIG. 7 will be
described with reference to FIG. 8. There are six switching
modes in a switching cycle and the equivalent circuits are
given in FIGS. 9A-9F. D,-D, are the body diodes and C, -
C.4 are the intrinsic drain capacitances of drive switches
S,-S, respectively.

1) Mode 1 [t,, t;] (FIG. 9A): Prior to t,, S, and S; conduct
and the inductor current i, ., increases in the positive direction
while i, ,, increases in the negative direction. Q, is on. At to,
S; turns off. i,,, charges C,; and discharges C, , plus the
input capacitor C,, simultaneously. Due to C 3 and C ., S;
is at zero-voltage turn-off. The voltage of C,, rises linearly
and the voltage of C,, decays linearly.

2) Mode 2 [t,,1,] (FIG.9B): Att,, v srisestoV_, and v,
decays to zero. The body diode D, conducts and S, turns on
under zero-voltage condition. The gate-to-source voltage of
Q, is clamped to ground through S,. Att,, S, turns off. i, ,
charges C,, plus the input capacitor C, and discharges C
simultaneously. Due to C;, and C,,, S, is at zero-voltage
turn-off. The voltage of C, rises linearly and the voltage of
C,, decays linearly.
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3) Mode 3 [t,, t;] (FIG. 9C): Att,, V ,risesto V, and v,
decays to zero. The body diode D, conducts and S, turns on
under zero-voltage condition. The gate-to-source voltage of
Q) is clamped to V, through S,. i,,, and i, ,, both decrease.

4)Mode4 [t;, t,] (FIG.9D): Beforet,, i,,, andi,,, changed
polarity respectively. At t;, S, and S, turns off. i;,, charges
Ca plus C,, and discharges C,; simultaneously. Due to
C_5 and C ., S, is at zero-voltage turn-off. The voltage of
C 4 tises linearly and the voltage of C , , decays linearly. i,
charges C,, and discharges C; plus C,, simultaneously.
Dueto C,,; and C,,, S, is at zero-voltage turn-off.

5)Mode 5 [t,, t5] (FIG. 9E): Att,, v, risesto V ,and V ,
decays to zero. The body diode D, conducts and S, turns on
under zero-voltage condition. The gate-to-source voltage of
Q; is clamped to zero through S,.

6) Mode 6 [ts, t] (FIG.9F): Att,,V_,risestoV,_ and V 4
decays to zero. The body diode D; conducts and S; turns on
under zero-voltage condition. The gate-to-source voltage of
Q, is clamped to V, through S;.

3. C. Current-Source Gate Drive Circuit Loss Analysis

The two current-source drivers (#1 and #2) have similar
drive losses except for different peak inductor currents. For
each of them, the drive loss includes: 1) the resistive loss and
gate drive loss of drive switches (S;-S,); 2) the loss of the
inductor (L,, and L,,); and 3) the resistive loss caused by the
internal gate mesh resistance of the power MOSFETs.

From the volt-second balance condition across the induc-
tor, the DC voltage v_, across the blocking capacitor C, is
derived as Equation (I)

ver=(1-D)-V, (6]

where D is the duty cycle of S, and V_ is the drive voltage.
The relationship of the inductor value L, and the peak
inductor current I;, , is given by Equation (2)

_VeD-(1-D)
T 2w S

@

where D is the duty cycle of S|, V.. is the drive voltage and £,
is the switching frequency. By choosing the proper peak
inductor current (drive current for the MOSFET), the induc-
tor value can be obtained by Equation (2).

The inductor current waveform indicated in FIG. 8 may be
regarded as a triangular waveform since the charging/dis-
charging time [t,, t,] and [t;, t5] are very small and can be
neglected. Therefore, the RMS value of the inductor current
Ly rassis 1p, ,u/V3.

Take driver #1 as an example. The RMS currents flowing
through the switches S, and S, can be derived as

D
It rms = Ipr i1 3

The RMS currents flowing through switch S, is

1-D
Iy rus = Ir i1 =

The conduction loss of S, and S, is expressed as

®

@)

®

_ 2 2
Poona=L1_rass 'Rds(on)+ s2__RMS 'Rds(on)
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Substituting (3) and (4) into (5) yields

©

1
Peond = § 'Izr,pkl - Ras(on)

The copper loss of the inductor winding is expressed as

M
where R, is the AC resistance of the inductor winding.
1;, rass: 1s the RMS value of the inductor current. Core loss
of the inductor should be also included. The total inductor
loss is given in Equation (8):

_p 2
Poopper=Rac T 1r_rags1

Ping=PeppertP

coppert ®

Both the charge and discharge currents flow through the
internal gate mesh resistance 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 loss caused
by the internal resistance of the power MOSFET Q, during
turn-on (t,,,,) and turn-off (t,, ) is expressed as

core

onl
©

where R, is the internal gate resistor of Q, and f| is the
switching frequency.
The gate drive loss of S; and S, is expressed as

PRG:RGllerJkl'(lon1+loﬂl)ﬂ

Poae™2 Qg Vs s
where Q,  is the total gate charge of adrive switchand V.,
is the drive voltage, which is typically 5V.

In conclusion, the total loss of current-source drive circuit
of #1 is expressed as

10)

an

3.D. Design of a Current-Source Gate Drive Circuit for a
Buck Converter

One feature of the current-source gate drive circuit is that it
can drive the control MOSFET and the synchronous MOS-
FET independently with different gate drive currents.

For the control MOSFET Q,, this involves a tradeoff
between the switching loss reduction and the drive circuit
loss. We have described a design procedure based on an
analytical loss model [16]. By following that procedure the
peak inductor current may be determined, and then the induc-
tor value may be calculated according to Equation (2).

For the synchronous rectifier MOSFET Q,, this involves a
tradeoff between body diode conduction loss and gate drive
loss. The body diode conduction loss may be estimated using
Equation (12).

Pprive=PeonatPgatetPinatPre

Prozy 027 Vioar_ o2l stboay (12)

In Equation (12), 1,,,,4, is body diode conduction time and it
may be estimated using Equation (13). Equation (13) assumes
that the body diode will conduct during the interval when the
gate voltage is between the threshold and until the gate volt-
age is large enough so that R ,,,,, of the synchronous MOS-
FET is less than about 20 mOhms, which means the voltage
drop across the channel is less than the body diode drop. The
values for Q. 55(Vaomonn) a0d Q 55(V ,0,) may be estimated
using the MOSFET manufacturer datasheet and the body
diode conduction time may be calculated as

- Q202 (Vaomotm) — Q02 (Vinp2) (13)
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Using Py, ,,, givenin Equation (11), and P, ., given by
(12), the sum of the two loss components may be plotted as
P, sima: and the optimal gate current, I; ,, may be deter-
mined from the graph (at the minimum point of P,,,,,;,,,,,;). For
a buck converter and the parameters described below in the
Working Example (section 5), the curves are given in FIG. 10.
In FIG. 10, the optimal gate current is 1.1 A.

3. E. Current-Source Gate Drive Circuit with Integrated
Inductor

It is observed from the waveforms of the two inductor
currents i,, and i;,, in FIG. 8 that i,,, is almost a mirror
image about the time axis ofi;,,, which has a very good ripple
cancellation effect of magnetic flux. This makes it possible to
integrate the two inductors into one magnetic core.

FIG. 11 shows the magnetic structure of the integrated
inductors. It is noted that the references of the two driver
circuits do not need to be the same. The reduction of compo-
nents and of complexity resulting from integrated inductors is
an important factor in multiphase applications of VRs such as
buck converters. Although FIG. 11 shows this embodiment
with a buck VR, it will of course be appreciated that this
embodiment may be applied to other circuits.

FIG. 12 shows the current-source gate drivers with an
integrated inductor. The two inductors (L.,, and L,,) are built
on the two outer legs of one E-I core with two air gaps (g, and
g,) respectively. The fluxes @, and ®, in the two outer legs
generated by the two windings based on the directions of the
currents will all flow through the center leg, which is a low-
reluctance magnetic path with no air gap. Though L,, and L, ,
are built on the same E-I core, there is no interaction between
the two flux loops of @, and @, and there is no coupling effect
between L,; and L,,. Therefore, the principle of operation of
the current-source driver circuits with the integrated inductor
does not change. However, the number of inductor cores is
reduced from two to one. Another benefit of using the inte-
grated inductor is that the flux® (®=d,+D,) in the center leg
has smaller ripples owing to the flux ripple cancellation effect
of'the current i;,, and i;,,, as shown in FIG. 13. The smaller
flux ripple helps to reduce the core losses in the center leg at
high frequency.

3.F. Example: Current-Source Gate Driver for Control and
Synchronous Power Switches of a Synchronous Buck Con-
verter

To verify the functionality of the current-source gate drive
circuit, preliminary tests were conducted with a 1 MHz syn-
chronous buck converter. The specifications were as follows:
input voltage V,,=12 V; output voltage V_=1.5 V; output
current [ =30 A; switching frequency f,.=1 MHz; driver volt-
age V =8 V. The PCB was made from six-layer 2 oz copper.
The components used in the circuit were as follows:

Control MOSFET Q,: Si7860DP (30 V N-channel,
Rpsiom=11 mQ @V ;5=4.5V, Vishay);

Synchronous MOSFET Q,: Si7336ADP (30 V N-channel,
Rps0my=4 m& @ (V 5574.5 V, Vishay);

Output filter inductance: L, =330 nH (R=1.3 mohm, THLP-
5050CE-01, Vishay)

Inductors: L,;=1.0 uH and [.,=1.2 uH

FIG. 14 shows the gate drive signal v, ,, (control MOS-
FET) and v,, o, (synchronous MOSFET). The crossover
level of these two gate signals is less than the threshold
voltage of the switches, such that the dead time is minimized
and shoot-through is avoided. It is observed that v, , is
very smooth and no Miller plateau is observed as the Miller
charge (i.e., the charge in the Miller capacitor) was removed
very fast with the constant charging current. Moreover, the
rise time and fall time of v, ,, is less than 15 ns, which
means very fast switching speed.
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FIGS. 15 and 16 show the inductor currenti,,, and i,,, with
two inductors and with the integrated inductor, respectively.
The observed mirror relationship between i,,, and i,, con-
firms the feasibility of inductor integration and lower core
loss due to the magnetic flux cancellation effect. Further, the
data confirm that the integrated inductor does not change the
principle of operation of the current-source gate drive circuit.

To illustrate the efficiency improvement provided by the
current-source gate driver, a conventional synchronous buck
converter with the same parameters, using a conventional gate
driver, was built. A Predictive Gate Drive UCC 27222 from
Texas Instruments was used as the conventional voltage-
source gate driver.

FIG. 17 shows the measured efficiency comparison for the
current-source gate driver and the conventional gate driver
with an input voltage of 12 V and output voltage of 1.5 V. It is
observed that at 20 A, the efficiency is improved from 84.0%
to 87.3% (an improvement of 3.3%) and at 30 A, the effi-
ciency is improved from 79.4% to 82.8% (an improvement of
3.4%). The data also show that the efficiency of the buck
converter with the current-source gate driver with one inte-
grated inductor was similar to that of the buck converter with
the current-source gate driver with two discrete inductors.

FIG. 18 shows the buck converter power loss comparison
for the current-source gate driver and the conventional driver.
It is noted that 30 A load, the current-source gate driver saves
approximately 2.2 W (a reduction of 23%) compared to the
conventional driver. This loss savings is significant for mul-
tiphase VRs. For example, in a five phase VR, the total loss
savings would be 11 W.

An interesting observation is that if the power loss per
phaseis limited to 9.5 W, abuck converter with a conventional
gate driver can only provide 26 A output current, while a buck
converter with current-source gate driver can provide 30 A (an
improvement of 15%). In other words, if the total output
currentis 120 A, 5 phases (26 A per phase) of the conventional
gate driver are required, whereas only 4 phases (30 A per
phase) of the current-source gate driver are required. This
would yield a significant cost savings and space savings.

FIG. 19 shows the measured efficiency for the current-
source gate driver at different output voltages and load cur-
rents.

4.A. Hybrid Current-Source Gate Drive Circuit for a Voltage
Regulator

In certain applications it might not be cost-effective to
implement current-source gate drive circuits for all of the
power switching devices of a VR. For example, it might be
practical to implement only one current-source gate drive
circuit, for either the control or the synchronous power switch
of a synchronous buck converter. Where only one current-
source gate driver is to be used (with a conventional gate
driver being used for the other power switch), the control
power switch current-source gate driver may be used, as this
driver contributes more to the overall improvement in effi-
ciency than the synchronous power switch current-source
gate driver.

FIG. 20 shows a hybrid current-source gate drive circuit for
the control power switch of a buck converter. The circuit
consists of two drive switches S,, S,, an inductor L.,, a boot-
strap capacitor C, and a blocking capacitor C,. For the syn-
chronous MOSFET, a conventional voltage driver is used,
such as, for example, the bipolar totem-pole drive structure
shown in FIG. 20, which features low cost and simplicity. V
is the drive voltage. C,,, and C,; are the input gate capacitors
of the two power MOSFETs Q, and Q,. Key waveforms are
shown in FIG. 21.
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FIG. 22 shows the equivalent circuits of the turn-on interval
of the control MOSFET. D, and D, are the body diedes, and
C, and C 4, are the intrinsic drain-source capacitances of S,
and S,, respectively. With reference to FIGS. 21 and 22,
operation of the circuit is described briefly as follows: In FIG.
22A, during [t,, t, ], the peak current I, ,, flows through L,,
Cs C, to charge C,,;, and C,, and discharge C,. C,,, is
discharged through the PNP bipolar transistor until Q, turns
off. The voltage across C,;, increases until att,, it is clamped
to V_ by the body diode D, of S, as seen in FIG. 22B. At the
same time, S, turns on under zero-voltage condition. There-
fore, there is no switching loss of drive switches S, and S,.
4. B. Design Considerations

To achieve design optimization, the loss analysis of the
current-source gate driver is given. The total power loss of the
current-source drive circuit includes: (1) the resistive loss and
the gate drive loss of switches S, and S,; (2) the loss of the
inductor; and (3) the resistive loss caused by the internal gate
mesh resistance of the control MOSFETs.

The relationship of the peak inductor current and the induc-
tor value is given by Equation (14)

V,-D-(1-D)
2L fs

(14)
Irr i =

where V _ is the gate drive voltage, which may be the input
voltage of the buck converter; T is the switching period; L, is
the inductor value and D is the duty cycle of the control
MOSFET Q.

As seen from the key waveforms in FIG. 21, the peak
current I, . of the inductor L, is regarded as the current
source magnitude 1. So the higher I, ,, is, the shorter the
switching transition is, thus more switching loss can be saved.
On the other hand, higher I, ,, will result in a larger RMS
value of the inductor circulating current i,, since the wave-
form of i, is triangular, which increases the resistive circu-
lating loss in the drive circuit and decreases the gate energy
recovery efficiency.

Following the optimal design method proposed in [15]-
[16], the desired drive current I ; may be obtained and thus the
required inductor can be calculated from Equation (14).

4. C. Example: Hybrid Current-Source Gate Driver for a
Synchronous Buck Converter

To verify the performance of the hybrid current-source gate
drive circuit, it was implemented for the control power MOS-
FET of a synchronous buck converter. The specifications
were as follows: input voltage V,=12 V; output voltage
V,=1.5V; output current [, =30 A; switching frequency f=1
MHz; driver voltage V_=8 V. The PCB was constructed from
six-layer 2 oz copper. The components used in the circuit
were as follows: Q,: Si7860DP; Q,: Si7336ADP; output
inductor: L =330 nH; inductor: L,=1.0 uH.

FIG. 23 shows the gate drive signals v, ,, (control MOS-
FET), v,,_o» (synchronous MOSFET) and the inductor cur-
rent i;,. FIG. 24 shows the waveforms for one cycle. It was
observed that v, ,, was very smooth and no Miller plateau
was observed as the Miller charge was removed fast by the
constant inductor drive current. Moreover, the rise time and
fall time of v, ,, was less than 15 ns, which results in fast
switching speed. The crossover level of the two gate signals
was less than the threshold voltage of the switches, so that the
dead time was minimized and shoot-through was avoided.

For comparison, a synchronous buck converter with con-
ventional gate drivers was built. A Predictive Gate Drive UCC
27222 (Texas Instruments) was used as the conventional volt-
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age driver. FIG. 25 shows the measured efficiency compari-
son for the current-source gate driver and the conventional
gate driver at 1.5 V output. It was observed that at 20 A, the
efficiency was improved from 84% to 87% (an improvement
01'3.6%) and at 30 A, the efficiency was improved from 79.4%
to 82.4% (an improvement of 3.8%). These preliminary
experimental results demonstrate the increase in efficiency
provided by the hybrid current-source gate drive circuit. This
circuit requires only one small inductor (typically 400 nH to
800nH at 1 MHz), thereby achieving low cost, small size, and
a low profile.

The contents of all cited patents, patent applications, and
publications are incorporated herein by reference in their
entirety.

While the invention has been described with respect to
illustrative embodiments thereof, it will be understood that
various changes may be made to the embodiments without
departing from the scope of the invention. Accordingly, the
described embodiments are to be considered merely exem-
plary and the invention is not to be limited thereby.
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The invention claimed is:

1. A current-source gate drive circuit comprising: an input
terminal for receiving a DC voltage;

a first switch connected between the input terminal and an

output terminal;

a second switch connected between the output terminal and
a circuit common;

a series circuit consisting of a first capacitor and an induc-
tor, the series circuit connected directly between the
input terminal and the output terminal;

wherein the current source gate drive circuit is adapted to
drive a gate capacitance of a switching device;

wherein the gate capacitance of the switching device is
connected between the output terminal and the circuit
common.

2. The current-source gate drive circuit of claim 1, further
comprising a second capacitor connected between a node
between the first capacitor and the inductor, and the circuit
common.

3. The current-source gate drive circuit of claim 2, further
comprising a third capacitor connected between the node and
the inductor.

4. The current-source gate drive circuit of claim 1, wherein
the circuit common is ground.

5. The current-source gate drive circuit of claim 1, wherein
the switching device is a synchronous power switching
device of a buck converter.

6. The current-source gate drive circuit of claim 1, wherein
the switching device is a low side power switching device of
a bridge leg.

7. The current-source gate drive circuit of claim 1, wherein
the switching device is a power switching device selected
from a MOSFET (metal oxide semiconductor field effect
transistor), an IGBT (insulated gate bipolar transistor), and a
MCT (MOS controlled thyristor).

8. A current-source gate drive circuit, comprising:

an input terminal for receiving a DC voltage;

a rectifier connected between the input terminal and a first
node;

a first switch connected between the first node and an
output terminal;

a second switch connected between the output terminal and
a floating point;

a series circuit consisting of a first capacitor and an induc-
tor, the series circuit connected directly between the first
node and the output terminal; and

a second capacitor connected between the first node the
floating point;

wherein the current-score gate drive circuit is adapted to
drive a gate capacitance of a switching device;

wherein the gate capacitance of the switching device is
connected between the output terminal and the floating
point.
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9. The current-source gate drive circuit of claim 8, wherein
the series circuit is connected between the floating point and
the output terminal.

10. The current-source gate drive circuit of claim 8,
wherein the switching device is a control power switching
device of a buck converter.

11. The current-source gate drive circuit of claim 8,
wherein the switching device is a high side power switching
device of a bridge leg.

12. The current-source gate drive circuit of claim 8,
wherein the switching device is a power switching device
selected from a MOSFET (metal oxide semiconductor field
effect transistor), an IGBT (insulated gate bipolar transistor),
and a MCT (MOS controlled thyristor).

13. A current-source gate drive circuit, comprising:

an input terminal for receiving a DC voltage;

a rectifier connected between the input terminal and a first
node;

a first switch connected between the first node and an
output terminal;

asecond switch connected between the output terminal and
a floating point;

a series circuit consisting of a first capacitor and second
capacitor, the series circuit connected directly between
the first node and the floating point; and

an inductor connected between a point between the first
and second capacitors and the output terminal;

wherein the current-source gate drive circuit is adapted to
drive a gate capacitance of a switching device;

wherein the gate capacitance of the switching device is
directly connected between the output terminal and the
floating point.

14. The current-source gate drive circuit of claim 13, fur-
ther comprising a third capacitor connected in series with the
inductor, between the first and second capacitors and the
output terminal.

15. The current-source gate drive circuit of claim 13,
wherein the switching device is a control power switching
device of a buck converter.

16. The current-source gate drive circuit of claim 13,
wherein the switching device is a high side power switching
device of a bridge leg.

17. The current-source gate drive circuit of claim 13,
wherein the switching device is a power switching device
selected from a MOSFET (metal oxide semiconductor field
effect transistor), an IGBT (insulated gate bipolar transistor),
and a MCT (MOS controlled thyristor).

18. A voltage regulator having a high side power switching
device and a low side power switching device, each said
power switching device having a gate capacitance, compris-
ing:

the current-source gate drive circuit of claim 1 for driving
the high side power switching device; and

the current-source gate drive circuit of claim 7 for driving
the low side power switching device.
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19. The voltage regulator of claim 18, wherein the inductor
of the current-source gate drive circuit for driving the high
side power switching device shares a magnetic component
with the inductor of the current-source gate drive circuit for
driving the low side power switching device.
20. A method of controlling switching of a switching
device having a gate capacitance, comprising:
providing a constant current source in a first direction to
charge the gate capacitance of the switching device;

using a first switch to clamp the voltage across the gate
capacitance to a high value to turn the switching device
on;

reversing direction of the constant current source to dis-

charge the gate capacitance of the switching device; and
using a second switch to clamp the voltage across the
gate capacitance to a low value to turn the switching
device off;

wherein the constant current source comprises an inductor

current;

wherein the first switch and the second switch are the only

switches used to control switching of the switching
device having a gate capacitance;

further comprising using a series circuit consisting of a first

capacitor and an inductor to produce the inductor cur-
rent; the series circuit connected directly between an
input voltage and an output terminal;

wherein the gate capacitance of the switching device is

directly connected between the output terminal and a
circuit common.

21. The method of claim 20, wherein the switching device
is the high side power switching device or the low side power
switching device of a voltage regulator or a bridge leg.

22. A method of controlling independently the switching of
high side and low side power switching devices of a voltage
regulator, each said power switching device having a gate
capacitance, comprising:

independently applying the method of claim 20 to each of

the high side and low side power switching devices of
the voltage regulator.

23. The method of claim 22, wherein inductor currents
applied to the high side and low side power switching devices
are not equal.

24. The method of claim 22, further comprising:

applying the method of claim 20 to the high side power

switching device of the voltage regulator using a high
inductor current; and

applying the method of claim 20 to the low side power

switching device of the voltage regulator using a low
inductor current.

25. The method of claim 22, wherein the voltage regulator
is a buck converter.

26. The method of claim 20, wherein controlling includes
repeating steps (a) to (d) once per cycle at a frequency of at
least 300 kHz.

27. The method of claim 26, wherein the frequency is at
least 1 MHz.



