2012/087320 A1 I 000 010 R OO0 0

<

W

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

28 June 2012 (28.06.2012)

WIPOIPCT

(10) International Publication Number

WO 2012/087320 A1l

(51

eay)

(22)

(25)
(26)
1

(72)
(73)

74

31

International Patent Classification:
HO3K 17/56 (2006.01) HO2M 1/08 (2006.01)

International Application Number:
PCT/US2010/061904

International Filing Date:
22 December 2010 (22.12.2010)

English
English

Filing Language:
Publication Language:

Applicant (for all designated States except US): HEW-
LETT-PACKARD DEVELOPMENT COMPANY, L.P.
[US/US]; 11445 Compaq Center Drive West, Houston,
Texas 77070 (US).

Inventors; and

Inventors/Applicants (for US only): DOMINGO, Reyn-
aldo [PH/US]; Hewlett-Packard Company, 11445 Compaq
Center Dr W, Houston, Texas 77070 (US). BEMAT, Mo-
hamed [IN/US]; Hewlett- Packard Company, 11445 Com-
paq Center Dr W, Houston, Texas 77070 (US).

Agents: WEBB, Steven L. et al.; Hewlett-Packard Com-
pany, Intellectual Property Administration, 3404 E. Har-
mony Drive, Mail Stop 35, Fort Collins, Colorado 80528
(US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(84)

AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD, SE, SG,
SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, TT, TZ,
UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to the identity of the inventor (Rule 4.17(i))

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

Published:

with international search report (Art. 21(3))

(54) Title: MOSFET SWITCH GATE DRIVER, MOSFET SWITCH SYSTEM AND METHOD

100'\

130

DC Power
Supply

110 —

120~

Gate Discharge Portion

= 4\— 124
Gate Charge Portion

FIG. 2

\Ivo‘; —

ViV -
»Y2) Ve

s

Supply
D %“pp
}V 102

s

1

T
VLnad

<

— G-

[;

!

Capacitive

106 ~ Load

(57) Abstract: A gate driver (100), a high-side MOSFET switch system (200) and a method(300) of pulse-driven switching a MOS -
FET employ a Miller capacitance threshold. The gate driver (100) includes a gate discharge portion (110) to provide a first voltage
for a first time period to a gate of a MOSFET (102). The first voltage is less than a turn-on threshold voltage of the MOSFET. The
gate driver further includes a gate charge portion (120) to provide a second voltage for a second time period to the MOSFET gate.
The second voltage is greater than the MOSFET turn-on threshold voltage. The second time period is less than a time period for a
gate-source voltage of the MOSFET to exceed the Miller capacitance threshold. The method (300) of pulse-driven switching of a
MOSFET includes applying (310) the first voltage and applying (320) the second voltage.
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MOSFET SWITCH GATE DRIVER, MOSFET SWITCH SYSTEM AND METHOD

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] N/A

STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

[0002] N/A

BACKGROUND
[0003] Modern electrical and electronic systems generally comprise one or more
devices, components, and subsystems that are connected to a power supply. The power
supply provides operational power (e.g., a supply voltage and supply current) to these
system elements, often through a system power bus. In many modern systems, the
system elements may be, or even must be able to be, connected and disconnected from
the power supply while the power supply is energized. Such connecting and
disconnecting (i.c., plugging and unplugging) of devices, components and subsystems
into the energized power supply or system power bus are often variously referred to as
‘hot-plugging’ or ‘hot-swapping.” Since it may be either unavoidable during system
operation or even required for system operation, the system must be configured to handle

hot-swapping or hot-plugging.

[0004] The system elements may present a load impedance to the power supply,
or equivalently to the system power bus, that is substantially capacitive. For example,
many devices, components and subsystems employ relatively large capacitors to filter
power received from the power supply. Such devices, components and subsystems with
substantially capacitive load impedances may be referred to as ‘capacitive loads.’
Unfortunately, capacitive loads may present a problem to the system when such

capacitive loads are abruptly connected to an energized power supply.
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[0005] In particular, abrupt connection of the capacitive load to the energized
power supply may result in a large current flowing from the power supply to the
capacitive load for a short time after the connection is made. For example, when a
subsystem (e.g., a blade server) is plugged into the system chassis with system power
supply turned ON, a large current may flow into the subsystem as the system power
supply capacitive load charges to the supply voltage level. The large current that flows or
that may flow immediately after the capacitive load is connected to the energized power
supply is often referred to as an ‘inrush current.” In many systems that require or benefit
from hot-swapping or hot-plugging, it may not be possible to avoid situations that have

the potential to produce large inrush currents.

[0006] A variety of approaches have been developed to address the issues
associated with inrush currents associated with providing system power to capacitive
loads. For example, a metal-oxide field effect transistor (MOSFET) may be used to
control the current between the power supply and the device, component or subsystem.
The MOSFET may be controlled to operate in a resistive mode to restrict or limit current.
In some instances, a feedback circuit may monitor the current allowing a direct current
(DC) voltage level applied to the MOSFET to be adjusted to further control the inrush
current. Unfortunately, these approaches may be complicated and costly to implement,
may present relatively higher failure probabilities and may subject components used in
the power supply and power bus to high power dissipation conditions. For example,
operating the MOSFET in a resistive mode may subject the MOSFET to relative high
temperatures requiring the use a relatively higher power MOSFET simply to

accommodate the inrush currents associated with hot-swapped system elements.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007] The various features of examples may be more readily understood with
reference to the following detailed description taken in conjunction with the
accompanying drawings, where like reference numerals designate like structural

elements, and in which:
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[0008] Figure 1 illustrates a plot of switching waveforms in terms of voltages and
currents in an example MOSFET, according to an example in accordance with the

principles described herein.

[0009] Figure 2 illustrates a block diagram of a gate driver for a MOSFET switch,

according to an example in accordance with the principles described herein.

[0010] Figure 3A illustrates a waveform of a pulsed gate voltage, according to an

example in accordance with the principles described herein.

[0011] Figure 3B illustrates a waveform of a drive signal used by the gate driver
of Figure 2 to produce the pulsed gate voltage illustrated in Figure 3A, according to an

example in accordance with the principles described herein.

[0012] Figure 4 illustrates a schematic of a high-side MOSFET switch system,

according to an example in accordance with the principles described herein.

[0013] Figure 5 illustrates a flow chart of a method of pulse-driven switching of a

MOSFET, according to an example in accordance with the principles described herein.

[0014] Certain examples have other features that are one of in addition to and in
lieu of the features illustrated in the above-referenced figures. These and other features

are detailed below with reference to the preceding drawings.

DETAILED DESCRIPTION
[0015] Examples in accordance with the principles described herein control power
delivered from a power supply to a capacitive load through or using a MOSFET switch.
In particular, according to various examples, an inrush current associated with power
delivery is controlled or limited using the MOSFET switch. The inrush current is limited
during a start-up phase of power delivery following either a command to turn on the
MOSFET switch or an event in which the capacitive load is initially connected to the
MOSFET switch (e.g., during hot-swapping or hot-plugging of the capacitive load).
Various examples described herein facilitate inrush current control using a pulsed gate
voltage applied to a MOSFET of the MOSFET switch. Moreover, the pulsed gate voltage
is configured to switch the MOSFET ON and OFF within in a linear region below a
threshold above which a Miller capacitance of the MOSFET is fully charged. Doing so
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may substantially prevent the MOSFET from sourcing large (e.g., potentially damaging)

amounts of inrush current to the capacitive load during the start-up phase.

[0016] Herein a ‘MOSFET’ is defined as a metal-oxide semiconductor field effect
transistor. MOSFET may be either a P-channel MOSFET or an N-channel MOSFET. P-
channel MOSFETs generally differ from N-channel MOSFETS in a polarity of various
voltages (e.g., gate-source voltage). As such, an N-channel MOSFET is described herein
by way of example and without loss of generality. In particular, the block diagrams,
circuits and associated discussion provided below may be readily adapted to either N-
channel or P-channel MOSFETSs by appropriate changes in the polarity (e.g., ‘-’ to “+’ or

‘+’ to “-’) of various voltages.

[0017] The MOSFET is a three terminal device having a drain, a source and a
gate. A voltage applied to the gate (e.g., a gate voltage) may be used to control or
modulate a conduction channel between the drain and the source. In turn, the control or
modulation controls current that may flow between the drain and the source through the
conduction channel. For example, The MOSFET may be used as a switch to control
power being delivered from a power source to a load under control of the gate voltage.
The power is delivered by an electric current flowing through the MOSFET under control

of the gate voltage, for example.

[0018] Further, as defined herein, the MOSFET is an enhancement mode
MOSFET. An enhancement mode MOSFET is ‘OFF’ or in an off state (i.e., conducts no
current or conducts an insubstantial amount of current between the source and the drain)
in the absence of a gate voltage. The application of the gate voltage directly forms the
conduction channel. Once formed, the channel facilitates the flow of current between the

drain and the source.

[0019] The MOSFET, as described herein, exhibits operational characteristics that
generally may comprise two thresholds. A first threshold is the so-called ‘turn-on’
threshold that is generally defined in terms of a turn-on threshold voltage V. The turn-
on threshold voltage V4, is a voltage between the gate and the source of the MOSFET at
which the conduction channel (hereinafter ‘channel’) forms between the drain and the

source. A second threshold is defined herein as a Miller capacitance threshold and is
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characterized in terms of a Miller capacitance threshold voltage Vi.ac. The Miller
capacitance threshold is a threshold at which the Miller capacitance of the MOSFET (i.e.,
a capacitance between gate and drain) begins to be charged as the MOSFET starts to turn
ON fully. The Miller capacitance threshold is typified by a substantial drop in a voltage
across the drain and source of the MOSFET (Vps) and generally defines a point above
which a current the MOSFET channel between the drain and source substantially reaches
or approaches a maximum or ‘flat’ level. The channel current above the Miller
capacitance threshold is typically limited only by the drain-to-source channel resistance

and a circuit impedance in which the MOSFET is used.

[0020] Figure 1 illustrates a plot of switching waveforms in terms of voltages and
currents in an example MOSFET, according to an example of the principles described
herein. In particular, Figure 1 illustrates an applied gate-source voltage Vy,, a drain-
source voltage Vps, and a drain current /p of the example MOSFET as a function of time
t. Also illustrated are the turn-on threshold voltage 77, and the Miller capacitance
threshold voltage Viac. Figure 1 further serves to define the Miller capacitance

threshold voltage Vi.ac in accordance with the principles described herein.

[0021] Referring to Figure 1, as a voltage is applied to the example MOSFET
gate, the gate-source voltage ¥, begins to rise (e.g., between time £ and #1). When the
turn-on threshold voltage ¥y is reached (i.e., see time #;), the channel forms between the
drain and the source of the example MOSFET and a drain current /, begins to flow in the
channel, as illustrated (i.c., Ip > 0 after #;). As the applied gate-source voltage Vs
continues to increase, the drain current /p increases in a substantially linear manner
relative to the applied gate-source voltage V,s. In conjunction with the substantially linear
increase in the drain current /p, the drain-source voltage Vps begins to drop, as illustrated.
However (as illustrated in Figure 1), the drop in the drain-source voltage Vps is relatively

minor (e.g., less than about a few percent of the value) before #.

[0022] As the applied gate-source voltage ¥, continues to rise even further, the
Miller capacitance threshold voltage Vi.ac defining the Miller capacitance threshold is
eventually reached at time #,. Above the Miller capacitance threshold voltage Vi, ac the

drain current is maximized, limited only by its channel (drain-to-source) resistance
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relative to the applied gate-source voltage Vs, as is illustrated. In fact, the drain current
Ip becomes substantially saturated at or near a maximum level (e.g., Ip ~ constant). In
addition, above the Miller capacitance threshold voltage Vi (i.¢., at and after #,) the
drain-source voltage Vps drops rapidly. The Miller capacitance threshold voltage Vin-uc
may be readily and immediately identified for a given MOSFET by this concomitant
drain-source voltage Vps drop and linear-to-saturated drain current /p characteristic

illustrated in Figure 1 after time #,.

[0023] Further, as used herein, the article ‘a’ is intended to have its ordinary
meaning in the patent arts, namely ‘one or more’. For example, ‘a MOSFET’ means one
or more MOSFETs and as such, ‘the MOSFET’ means ‘the MOSFET(s)’ herein. Also,
any reference herein to ‘top’, ‘bottom’, “upper’, ‘lower’, ‘up’, ‘down’, ‘front’, back’,
‘left” or ‘right’ is not intended to be a limitation herein. Herein, the term ‘about” when
applied to a value generally means plus or minus 10% unless otherwise expressly
specified. Moreover, examples herein are intended to be illustrative only and are

presented for discussion purposes and not by way of limitation.

[0024] Figure 2 illustrates a block diagram of a gate driver 100 for a MOSFET
switch, according to an example of the principles described herein. The gate driver 100 is
configured to control a MOSFET 102 connected between a direct current (DC) power
supply 104 and a capacitive load 106. For example, the MOSFET 102 may be an N-
channel MOSFET as illustrated in Figure 2 having a drain D connected to the DC power
supply 104 and a source S connected to the capacitive load 106. The MOSFET 102 acts
to switch (i.e., a MOSFET switch) a current and a voltage produced by the DC power
supply 104 and provided through the MOSFET 102 to the capacitive load 106. In other
examples (not illustrated), the MOSFET may comprise a P-channel MOSFET. In yet
other examples (not illustrated), the MOSFET may comprise a plurality of MOSFETs

connected in parallel at respective ones of their drains, sources and gates.

[0025] The gate driver 100 is connected to a gate G of the MOSFET 102, as
illustrated in Figure 2. The gate driver 100 controls an inrush current / delivered from the
DC power supply 104 to the capacitive load 106. The controlled inrush current / may

facilitate hot-swapping of the capacitive load, for example. Specifically, the inrush
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current / may be controlled to be below a peak current level that may cause damage to
one or more of the MOSFET 102, the DC power supply 104, and the capacitive load 106
when the capacitive load 106 is abruptly connected to an energized DC power supply 106
by way of the MOSFET 102 (i.c., a hot-swap connection), for example.

[0026] The gate driver 100 for a MOSFET switch comprises a gate discharge
portion 110. The gate discharge portion 110 is configured to provide a first voltage V; for
a first time period 77 to the gate G of the MOSFET 102. The first voltage ¥, provided by
the gate discharge portion 110 is less than a turn-on threshold voltage 7, of the MOSFET
102. For example, the gate discharge portion 110 may be connected to and provide the
first voltage ¥ through a connection of the gate driver 100 to the gate G of the MOSFET
102, as illustrated in Figure 2.

[0027] By ‘less than,” with respect to the first voltage 7 and the turn-on threshold
voltage V herein, it is meant by definition that the first voltage 7 has a magnitude that is
less than the turn-on threshold voltage ¥y of the MOSFET 102. For example, the first
voltage 71 may be about zero volts (V) relative to a voltage V5 at the source S of the
MOSFET 102 (i.e., V1 is about 0 V). In another example, the first voltage V; may be less
than about 2 V (i.e., V] is about 2 V) relative to the source voltage Vs of the MOSFET 102
when the turn-on threshold voltage V3, is about 2V for an N-channel MOSFET 102, as

illustrated in Figure 2.

[0028] The gate driver 100 for a MOSFET switch further comprises a gate charge
portion 120. The gate charge portion 120 is configured to provide a second voltage V, for
a second time period 7. For example, the gate charge portion 120 may be connected to
and provide the second voltage ¥, through a connection between the gate driver 100 to
the gate G of the MOSFET 102. The second voltage ¥, provided by the gate charge
portion 120 is greater than the MOSFET turn-on threshold voltage V. Further, the
second period of time 7 is less than a time period for a gate-source voltage Vg, of the

MOSFET 102 to exceed a Miller capacitance threshold voltage Vi ac.

[0029] For example, the second voltage 7, may be greater than about 2 V (e.g., 3-
6 V) relative to a voltage Vs at the source S of the MOSFET 102 when the turn-on
threshold voltage V4 of the N-channel MOSFET 102 is about 2 V. In another example,
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the second voltage 7, may be close to a voltage that is applied to place the MOSFET 102
at an onset of a completely ON condition. An exact value of the second voltage 7>
generally may not exceed the Vi ac so that a peak current is substantially limited to a safe

level during the portion of the second time period 75.

[0030] In operation, given the above-defined characteristics of the gate driver 100,
when the first voltage V' provided by the gate discharge portion 110 is applied to the gate
G, the gate-source voltage Vg, of the MOSFET 102 drops in magnitude or is said to be
‘discharged.” As the gate-source voltage Vg, drops below the turn-on threshold voltage
Vin of the MOSFET 102 (e.g., due to being discharged), the MOSFET 102 substantially
ceases to conduct current from the drain D to the source S and is said to be ‘OFF’ or
‘turned OFF.” Likewise, when the second voltage V, provided by the gate charge portion
120 is applied to the gate G, the gate-source voltage V,, of the MOSFET 102rises in
magnitude or is said to be ‘charged.” As the gate-source voltage Vs exceeds (in
magnitude) the turn-on threshold voltage V7, of the MOSFET 102 (e.g., due to being
charged), the MOSFET 102 substantially begins to conduct current from the drain D to
the source S and is said to be ‘ON’ or ‘turned ON.” However, as long as the gate-source
voltage Vg, of the MOSFET 102 remains below the Miller capacitance threshold voltage
Vin-mc, an amount or level of current that can flow through the MOSFET 102 is restricted,
as is discussed above. If the second time period 77 is selected to be short enough that the
Miller capacitance threshold voltage Vi asc 1s not exceeded, then the current flowing

through the MOSFET 102 remains limited throughout the second time period 75.

[0031] Further during operation, the gate discharge portion 110 and the gate
charge portion 120 generally cooperate in their respective operational modes. In
particular, the gate driver 100 is configured to provide a substantially pulsed gate voltage
130. The pulsed gate voltage 130 produced by the gate driver 100 alternates between the
first voltage ¥ for the first time period 77 and the second voltage ¥, for the second time

period 7.

[0032] Figure 3A illustrates a waveform of the pulsed gate voltage 130, according
to an example of the principles described herein. Figure 3B illustrates a waveform of a

drive signal used by the gate driver 100 of Figure 2 to produce the pulsed gate voltage
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130 illustrated in Figure 3A, according to an example of the principles described herein.
In particular, Figure 3B illustrates a pulsed waveform of the drive signal. The pulsed
waveform illustrates a duty cycle of the pulsed gate voltage 130 in terms of the first time
period 77 and the second time period 7>. The pulsed waveform illustrated in Figure 3B
may be applied to the gate driver 100 in some examples. In other examples, the pulsed
waveform illustrated in Figure 3B is generated by the gate driver 100. In yet other
examples, the pulsed waveform illustrated in Figure 3B is implicit in the operation of the
gate driver. Figure 3A illustrates a difference between a rise time and a fall time of the

pulsed gate voltage 130, according to some examples.

[0033] In some examples, the duty cycle of the second time period 7 alternating
with the first time period 77 is less than about 50 percent. For example, the duty cycle
may be between about 30 percent and about 40 percent. For example, as illustrated in
Figures 3A and 3B, the pulsed gate voltage 130 has a duty cycle of about 40 percent. In
some examples, the duty cycle is less than about 20 percent. In yet other examples, the

duty cycle may be less than about 10 percent, or less than about 5 percent.

[0034] Referring again to Figure 2, the gate charge portion 120 comprises a series
resistor 122 and a shunt capacitor 124, in some examples. An R-C time constant of the
series resistor 122 and the shunt capacitor 124 establishes a rise time of the second
voltage V,. The rise time of the second voltage V5, in turn, establishes a rise time of the
MOSFET gate-source voltage V,, during the second time period 7. In some examples, a
capacitance of the shunt capacitor 124 may be between 10 and 20 times greater than a
gate capacitance of the MOSFET 102. For example, the shunt capacitance may be 15
times the gate capacitance. Selecting the shunt capacitance to be much larger (e.g., 10-20
time larger) than the gate capacitance allows the capacitance of the shunt capacitor 124 to
substantially dominate the gate capacitance and thus, dictate the rise time of the gate-
source voltage Vg, during the second time period 7,. Selection of a specific resistance of
the series resistor 122 depends, in turn, on the desired rise time and the selected
capacitance. According to some examples, the resistance of the series resistor 122 may

be between about 500 Ohms (€2) and about 10 kilo Ohms (k€2). For example, the series
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resistor 122 may have about a 2 kQ resistance when the shunt capacitor 124 has a

capacitance of about 4.7 nano Farad (nF).

[0035] In some examples, the gate discharge portion 110 comprises a diode 112 in
parallel with the series resistor 122 of the gate charge portion 120. The diode 112 is
configured to provide a discharge path for current during the first time period 7;. The
discharge path facilitates a fall time of the MOSFET gate-source voltage Vg, during the
first time period 7 that is less than the rise time produced by the gate charge portion 120.

[0036] For example, when the MOSFET 102 is an N-channel MOSFET as
illustrated in Figure 2, a cathode of the diode 112 may be connected to an input of the
series resistor 122, while an anode of the diode 112 is connected to an output of the series
resistor 122 as well as to the shunt capacitor 124. During the second time period 75 as the
capacitor 124 is charging, the diode 112 is reverse biased and substantially all of the
current charging the shunt capacitor 124 flows through the series resistor 122. However,
during the first time period 77 as the capacitor 124 is discharging, the diode 112 is
forward biased and conducts a substantial portion of the current such that the series

resistor 122 is substantially bypassed.

[0037] In some examples, the gate discharge portion 110 further comprises a
switch (not illustrated) that connects and disconnects the diode 112 to a voltage (i.c., a
‘below-threshold voltage’) that is below (or less than) the turn-on threshold voltage V3, of
the MOSFET 102. When connected by the switch to the below-threshold voltage, current
flowing through the diode 112 discharges the shunt capacitor 124 to provide the first
voltage V1. In such examples, the gate discharge portion 110 may further comprise a

voltage source (not illustrated) that provides the below-threshold voltage.

[0038] In some examples, the gate charge portion 120 further comprises a switch
(not illustrated) that connects and disconnects the series resistor 122 to a voltage (i.e., an
‘above-threshold voltage’) that is above the turn-on threshold 7 of the MOSFET 102.
When connected by the switch to the above-threshold voltage, current flowing through
the series resistor 122 charges the shunt capacitor 124 to provide the second voltage 5.
In such examples, the gate charge portion 120 may further comprise a voltage source (not

illustrated) that provides the above-threshold voltage. In some examples, the switch may
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be shared by the gate discharge portion 110 and the gate charge portion 120. For
example, during the first time period 7 the switch may connect the diode 112 and the
series resistor 122 to the below-threshold voltage. During the second time period 75, the
switch may connect the diode 112 and the series resistor 124 to the above-threshold

voltage, for example.

[0039] In various other examples (not illustrated), the gate discharge portion 110
comprises a pulsed or switched voltage source that provides the first voltage ¥ for the
first time period 7;. For example, the pulsed or switched voltage source may be
connected directly to the gate G of the MOSFET 102. Similarly in various other
examples (not illustrated), the gate charge portion 120 comprises a pulsed or switched
voltage source that provides the second voltage ¥, for the second time period 75, wherein
the pulsed or switched voltage source is connected directly to the MOSFET gate G. In
yet other examples (not illustrated), one or both of the gate-discharge portion 110 and the
gate charge portion 120 may comprise a pulsed or switched voltage source and a series
resistance. Current flowing through the series resistance to discharge or charge the gate
capacitance establishes the respective first voltage V7 during the first period of time 7
and the respective second voltage V, during the second period of time 75, for example. In
yet other examples, the pulsed or switched voltage source of the gate discharge portion
110 and the gate charge portion 120 may be a pulsed or switched voltage source that is

shared between the portions 110, 120.

[0040] In some examples, the gate driver 100 ceases to provide a pulsed gate
voltage 130 and instead provides a constant gate voltage (not illustrated) when a load
voltage Vioaq at the capacitive load 106 is within a predetermined percentage of a supply
voltage Vupp, of the DC power supply 104. In such examples, the constant gate voltage
may be high enough to facilitate providing an operational current supply to the capacitive
load 106. In other words, the constant gate voltage may be substantially above the Miller
capacitance threshold voltage Viasc, for example, such that the MOSFET 102 is in a
complete or at least substantially complete ‘ON’ state. In some examples, the constant
gate voltage is provided when the load voltage V,qs has risen to within about 5 percent of
the supply voltage Vs,p. In another example, the constant gate voltage is provided when

there is less than about a 10 percent difference between the load voltage Vi, and the
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supply voltage V. In yet other examples, another percentage difference ranging from
about 1 percent to about 30 percent may be employed to provide the constant gate

voltage.

[0041] In some examples the gate charge portion 120 is further configured to
provide the constant gate voltage. For example, when the load voltage Vi,qs has risen to
within a predetermined percent of the supply voltage Vi, the gate charge portion 120

may cease pulsing and provide the constant voltage to the MOSFET gate G.

[0042] Figure 4 illustrates a schematic of a high-side MOSFET switch system
200, according to an example of the principles described herein. The high-side MOSFET
switch system 200 provides a supply voltage Vi, produced by a direct current (DC)
power supply 204 to a capacitive load 206. Further, the high-side MOSFET switch
system 200 controls an inrush current from the DC power supply 204 to the capacitive
load 206. In some examples, the high-side MOSFET switch system 200 is substantially
similar to the gate driver 100 and associated MOSFET 102, described above. In
particular, the high-side MOSFET switch system 200 may facilitate hot-swapping of the
capacitive load 206. The high-side MOSFET switch system 200 may also be used to turn
OFF power (voltage and current) to the capacitive load 206.

[0043] The high-side MOSFET switch system 200 comprises a MOSFET 210.
The MOSFET 210 is connected to provide power from the DC power supply 204 to the
capacitive load 206. As illustrated, the MOSFET 210 comprises an N-channel MOSFET
by way of example. Further, the MOSFET 210 has a drain D connected to the DC power
supply 204 and a source S connected to the capacitive load 206. One or both of these

connections may be broken during a hot-swap, for example.

[0044] In some examples, the MOSFET 210 may comprise a plurality of either P-
channel or N-channel MOSFETs connected in parallel. As illustrated by way of example
in Figure 4, the MOSFET 210 comprises a pair of N-channel MOSFETs 210a, 210b
connected in parallel between the DC power supply 204 and the capacitive load 206. A
drain D of each of the parallel-connected MOSFETs 210a, 210b of the pair is connected
to the DC power supply 204. Similarly, a source S of each of the parallel-connected
MOSFETs 210a, 210b of the pair is connected to the capacitive load 206, as illustrated.
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[0045] The high-side MOSFET switch system 200 further comprises a gate drive
circuit 220. The gate drive circuit 220 is connected to a gate G of the MOSFET 210, as
illustrated. Specifically, the gate drive circuit 220 is connected to a gate G of the each of
the N-channel MOSFETSs 210a, 2100 of the pair, as illustrated by way of example. The
connection is made through a pair of series resistors R3, R4. The pair of series resistors
R3, R4 may help to balance current flowing into respective ones of the pair of parallel-
connected MOSFETs 210a, 210b, for example. A shunt resistor RS at an input of the pair
of series resistors R3, R4 provides a high resistance (e.g., 100k€2) discharge path for a
gate-source voltage Vs of the MOSFET 210. Since the following discussion applies
equally to examples having one MOSFET 210 as well as to examples comprising a
plurality of parallel-connected MOSFETS (e.g., 210a, 210b), reference below is made to
the MOSFET 210 with the understanding that the MOSFET 210 explicitly means ‘one or

more MOSFETSs connected in parallel with associated series resistors (e.g., R3, R4)’.

[0046] The gate drive circuit 220 is configured to provide a pulsed gate voltage to
the gate G of the MOSFET 210. The pulsed gate voltage has a first voltage V; for a first
time period 77 and a second voltage V, for a second time period 7. The first voltage V; is
less than a turn-on threshold gate-source voltage 7y, of the MOSFET 210. The second
voltage V, is greater than the turn-on threshold gate-source voltage V. Further, the
second time period 77 is less than a time period for the gate-source voltage Vg, of the
MOSFET 210 to exceed a second threshold voltage at which a Miller capacitance of the
MOSFET 210 is charged (i.c., the Miller capacitance threshold voltage Vinmc). In some
examples, the gate drive circuit 220 is substantially similar to the gate driver 100,

described above.

[0047] According to some examples (e.g., as illustrated), the gate drive circuit 220
comprises a series resistor R2 and a shunt capacitor C3. The pulsed gate voltage is
substantially a voltage across the shunt capacitor C3. The series resistor R2 and the shunt
capacitor C3 may be substantially similar to the series resistor 122 and the shunt capacitor
124 of the gate charge portion 120 described above with respect to the gate driver 100, in
some examples. In particular, the shunt capacitor C3 has a capacitance that is generally

greater than a gate capacitance of the MOSFET 210 so that the capacitance of the shunt
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capacitor C3 substantially dominates the gate capacitance, and in conjunction with the
series resistor R2, establishes a rise time of the second voltage 7, during the second time

period 7.

[0048] For example, the capacitance of the shunt capacitor C3 may be between
about 10 and about 20 times greater than the gate capacitance of the MOSFET 210 (or a
combined gate capacitance of a plurality of parallel-connected MOSFETsS, e.g., 210a,
210b). As is discussed above with respect to the series resistor 122, the series resistor R2
has a resistance that, along with the capacitance of the shunt capacitor C3, provides an R-
C time constant that substantially establishes the rise time of the second voltage /,. In

some examples, the resistance of the series resistor R2 is between about 1 k€ and about
10 kQ. The series resistor R2 may have a resistance of about 2 k€2 when the capacitance

of the shunt capacitor C3 is about 4.7 nF, for example.

[0049] According to some examples (e.g., as illustrated), the gate drive circuit 220
further comprises a diode D1. The diode D1 is connected in parallel with the series
resistor R2. The diode D1 may be substantially similar to the diode 112 of the gate
discharge portion 110 described above with respect to the gate driver 100, according to
some examples. In particular, an anode of the diode D1 is connected to the shunt
capacitor C3 while a cathode of the diode D1 is connected to an input of the series
resistor R2, as illustrated in Figure 4. In some examples, the diode D1 is configured to
provide a discharge path for current during the first time period 7} that facilitates a fall
time of the MOSFET gate-source voltage Vg, that is less than the rise time. In some
examples, the fall time is substantially less than the rise time (e.g., substantially

instantaneous) due to a low forward bias resistance of the diode D1.

[0050] As illustrated, the gate drive circuit 220 further comprises a switched
voltage source 230, according to some examples. The switched voltage source 230
provides a switched voltage to the input of the series resistor R2 and the cathode of the
diode D1 to produce the first and second voltages V1, 7, at the shunt capacitor C3. The
switched voltage source 230 may be substantially similar to the switched voltage source

described above with respect to the gate driver 100. In particular, the switched voltage
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source 230 provides a pulsed or switched voltage having a first state that establishes the

first voltage /7 and a second state that establishes the second voltage V.

[0051] In the example illustrated in Figure 4, the switched voltage source 230
comprises a totem-pole connected bipolar transistor pair Q3. A collector of an NPN
transistor of the bipolar transistor pair Q3 is connected to a gate drive voltage Vecgp. The
gate drive voltage Vecgp is generally higher than the voltage of the DC power source 204
when the MOSFET 210 is an N-channel MOSFET, for example. The gate drive voltage
Veegp may be derived from the DC power source 204 using a charge pump circuit (not
illustrated), for example. An emitter of the NPN transistor and an emitter of a PNP
transistor of the bipolar transistor pair Q3 are both connected to the input of the series
resistor R2 and the cathode of the diode D1. The NPN-PNP emitters of the bipolar
transistor pair Q3 provide the switched voltage that produces the first and second voltages
V1, V2, described above. A base of the NPN transistor and a base of the PNP transistor
are connected through a bias resistor R1 to the gate drive voltage Vecgp. The bases of the
NPN and PNP transistors are also connected to a cathode of a zener diode D2. An anode

of the zener diode D2 is connected the source S of the MOSFET 210.

[0052] When reverse biased using the bias resistor R1, the zener diode D2
establishes a fixed voltage (e.g., 6.8 V set by a zener diode level) relative to a voltage at
the MOSFET source S at the NPN-PNP bases. The fixed voltage turns ON the NPN
transistor and simultaneously turns OFF the PNP transistor. This allows the NPN
transistor to source current from the gate drive voltage Vecgp through the series resistor
R2 to charge the shunt capacitor C3 and produce the second voltage V,. Alternatively,
when the NPN-PNP bases are driven to a low state that substantially turns OFF the NPN
transistor and turns ON the PNP transistor, a voltage at the input of the series resistor R2
drops to the voltage of the MOSFET source S. With the PNP transistor turned ON, the
shunt capacitor C3 discharges through the diode D1 yielding the first voltage /.

[0053] As illustrated, the NPN and PNP transistors are driven by a pulse width
modulated (PWM1) signal that is translated through a level-shift circuit 240, for example.
The translated PWMI signal alternately facilitates reverse biasing the zener diode D2 and

setting the low state at the NPN-PNP bases. The PWM1 signal may have a waveform
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substantially similar to the waveform illustrated in Figure 3A, according to some
examples. For example, the PWMI1 signal may be a signal that alternates between about
0 V and about 5V that is produced by a microcontroller 250. In another example, another
pulse-producing circuit such as an LM555 timer (not illustrated) may be used to provide
the PWMI signal. In addition, other voltage levels besides about 0 V and about 5 V may
be employed in the PWM1 signal, without departing from the scope described herein.
The PWMI signal further establishes the duty cycle of first and second voltages V1, V7,

for example.

[0054] In some examples, the level-shift circuit 240 may comprise an NPN
transistor Q4 having a collector connected through a resistor R6 (e.g., about 10 ) to the
bases of the NPN and PNP transistors of the bipolar transistor pair Q3 (e.g., as
illustrated). An emitter of the NPN transistor Q4 is driven by the PWM1 signal. A base
of the NPN transistor Q4 is biased such that the NPN transistor Q4 is turned ON when the
PWMI signal is in a low state (e.g., about 0 V) and turned OFF when the PWM1 signal is
in a high state (e.g., about 5V). When the NPN transistor Q4 is OFF, the zener diode D2
is reverse biased and a voltage at the bases of the NPN and PNP transistors of the bipolar
transistor pair Q3 is established by the zener diode D2. On the other hand, when the NPN
transistor Q4 is ON, the voltage at the bases of the NPN and PNP transistors of the
bipolar transistor pair Q3 is pulled down to the low state of the bases (e.g., about 0 V).

[0055] Biasing of the NPN transistor Q4 may be provided by a bias network, as
illustrated by way of example in Figure 4. The example bias network is connected
between the NPN transistor Q4 base and a supply voltage Vee (e.g., a supply voltage of
the microcontroller 250). The example bias network comprises a shunt resistor R7

(e.g., about 10 k) connected between the NPN transistor Q4 base and a ground potential
(GND). The bias network further comprises a resistor R8 (e.g., about 6.8 kQ2) and a
resistor R9 (e.g., about 100 ) connected in series between the NPN transistor Q4 base
and the supply voltage Vece. The bias network further comprises a capacitor C4 (e.g.,
about 0.1 UF) connected in parallel with the resistor R8. As illustrated, the bias network

is a voltage divider that produces a bias voltage (Vbias) at the NPN transistor Q4 base that
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is the supply voltage Vec multiplied by a resistance of the shunt resistor R7 and divided
by a resistive sum of the resistors R7, R8 and R9 (i.e., Vbias = Vec*R7/(R8+RI+R7)).

[0056] In some examples, the high-side MOSFET switch system 200 may further
comprise the microcontroller 250, a current monitor 260, and a power good detect circuit
270, as illustrated in Figure 4 by way of example. As discussed above, the
microcontroller 250 provides the PWM1 signal to the high-side MOSFET switch system
200, according to some examples. In some examples, the microcontroller 250 may
generate a second pulsed signal used to implement the charge pump circuit (not
illustrated) that may be used to provide the gate drive voltage Vccgp. The microcontroller

250 may be substantially any microcontroller or microprocessor, for example.

[0057] The current monitor 260 monitors a current flowing to the capacitive load
206. The current monitor 260 reports a result of monitoring the current to the
microcontroller 250, according to some examples. In some examples, the reported results
are used to detect a short circuit condition in the capacitive load 206. When a short
circuit condition is detected, the microcontroller 250 may shut down the high-side

MOSFET switch system 200, for example.

[0058] The power good detect circuit 270 monitors a voltage level of the power
supplied to the capacitive load 206. The power good detect circuit 270 may be used to
detect when a voltage at the capacitive load 206 has reached a predetermined percentage
of the supply voltage Vipp, for example. When the predetermined percentage is reached,
the power good detect circuit 270 may signal the microcontroller 250. The
microcontroller 250 may respond by discontinuing production of the PWMI1 signal and
placing the MOSFET 210 in a static ON condition. Alternatively, the power good detect
circuit 270 may simply report the voltage at the capacitive load 206 to the microcontroller
250, for example. In this example, the microcontroller 250 implements determining the

predetermined percentage.

[0059] Figure 5 illustrates a flow chart of a method 300 of pulse-driven switching
of a MOSFET, according to an example of the principles described herein. The pulse-
driven switching may facilitate using the MOSFET to control inrush current provided to a

capacitive load, for example. In particular, the method 300 of pulse-driven switching
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may be used to implement one or both of a gate driver 100 and a high-side MOSFET

switch system 200, as are described above according to some examples.

[0060] The method 300 of pulse-driven switching comprises applying 310 a first
voltage for a first period of time to a gate of the MOSFET. The first voltage is less than a
turn-on threshold voltage of the MOSFET. For example, the first voltage and the first
period of time may be substantially similar to the respective first voltage ¥ and the first
period of time 77, described above with respect to either the gate driver 100 or the high-
side MOSFET switch system 200.

[0061] The method 300 of pulse-driven switching further comprises applying 320
a second voltage for a second period of time to the MOSFET gate. The second voltage is
greater than the MOSFET turn-on threshold voltage. The second period of time is less
than a time period for a gate-source voltage of the MOSFET to exceed a Miller
capacitance threshold voltage. For example, the second voltage and the second period of
time may be substantially similar to the respective second voltage V> and the second
period of time 7>, described above with respect to either the gate driver 100 or the high-
side MOSFET switch system 200.

[0062] According to various examples, applying 310 the first voltage alternates
with applying 320 the second voltage to provide pulse-driven switching of the MOSFET.
The pulse-driven switching may control an inrush current provided to the capacitive load
by the MOSFET. The inrush current may be provided by a direct current (DC) power

source, for example.

[0063] In some examples, a duty cycle of the second period of time alternating
with the first period of time is less than a predetermined percent. For example, the duty
cycle may be less than about 50 percent. In other examples, the duty cycle may be less
than about 40 percent, or less than about 20 percent, or less than about 10 percent. In

another example, the duty cycle may be more than 50 percent.

[0064] In some examples, the MOSFET comprises an N-channel MOSFET. In
other examples, the MOSFET comprises a P-channel MOSFET. In some examples, the
MOSFET comprises a plurality of MOSFETSs connected in parallel between the DC

power supply and the capacitive load. For example, the MOSFET may comprise two
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parallel-connected MOSFETs. In another example, the MOSFET may comprise three,

four or more parallel-connected MOSFETs.

[0065] Thus, there have been described examples of a gate driver, a high-side
MOSFET switch and a method of pulse-driven switching of a MOSFET that control
inrush current provided to a capacitive load. It should be understood that the above-
described examples are merely illustrative of some of the many specific examples that
represent the principles described herein. Clearly, those skilled in the art can readily
devise numerous other arrangements without departing from the scope as defined by the

following claims.
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What 1s claimed is:

1. A gate driver (100) for a MOSFET switch comprising:

a gate discharge portion (110) to provide a first voltage for a first time period to a
gate of a MOSFET (102), the first voltage being less than a turn-on threshold voltage of
the MOSFET (102); and

a gate charge portion (120) to provide a second voltage for a second time period to
the MOSFET gate, the second voltage being greater than the MOSFET turn-on threshold
voltage, the second time period being less than a time period for a gate-source voltage of

the MOSFET (102) to exceed a Miller capacitance threshold.

2. A MOSFET switch comprising the gate driver (100) of Claim 1, the
MOSFET switch further comprising the MOSFET (102), wherein the MOSFET (102) is
connected between a capacitive load (106) and a direct current power supply (104) to

switch power and control inrush current delivered to the capacitive load (106).

3. The MOSFET switch of Claim 2, wherein the MOSFET (102) comprises an
N-channel MOSFET.

4. The MOSFET switch of Claim 2, wherein the MOSFET (102) comprises a
plurality of MOSFETSs connected in parallel between the direct current power supply
(104) and the capacitive load (106).

5. The gate driver (100) of Claim 1, 2, 3 or 4, wherein a duty cycle of the

second time period alternating with the first time period is less than about 20 percent.

6.  The gate driver (100) of Claim 1, 2, 3 or 4, wherein the gate charge portion
(120) comprises a series resistor (122) and a shunt capacitor (124) to establish a rise time

of the MOSFET gate-source voltage during the second time period.

7. The gate driver (100) of Claim 6, wherein the shunt capacitor (124) has a
capacitance that is greater than about 15 times a gate capacitance of the MOSFET (102).
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8.  The gate driver (100) of Claim 6, wherein the gate discharge portion (110)
comprises a diode (112) in parallel with the series resistor (122) of the gate charge portion
(120) to provide a discharge path for current during the first time period, the discharge
path facilitating a fall time of the MOSFET gate-source voltage during the first time

period that is less than the rise time.

9. The gate driver (100) of Claim 1, 2, 3 or 4, wherein the gate charging
portion (120) is further configured to provide a constant gate voltage greater than the
MOSFET turn-on threshold voltage when a voltage at a capacitive load (106) is within a

predetermined percentage of a voltage of a direct current power supply (104).

10. A high-side MOSFET switch system (200) comprising;:

a MOSFET (210) connected to provide power from a direct current power supply
(204) to a capacitive load (206); and

a gate drive circuit (220) to provide a pulsed gate voltage to a gate of the
MOSFET (210), the pulsed gate voltage having a first voltage for a first time period and a
second voltage for a second time period, the first voltage being less than a turn-on
threshold gate-source voltage of the MOSFET (210) and the second voltage being greater
than the turn-on threshold gate-source voltage,

wherein the second time period is less than a time period for a gate-source voltage
of the MOSFET (210) to exceed a second threshold voltage at which a Miller capacitance
of the MOSFET (210) is charged.

11. The high-side MOSFET switch system (200) of Claim 10, wherein the gate
driver circuit (220) comprises:

a series resistor (R2) and a shunt capacitor (C3) to establish a rise time of the
MOSFET gate-source voltage at the MOSFET gate during the second time period, the
shunt capacitor (C3) having a capacitance that is greater than about 10 times a gate
capacitance of the MOSFET (210); and

a diode (D1) in parallel with the series resistor (R2), the diode (D1) to provide a
discharge path for current during the first time period that facilitates a fall time of the

MOSFET gate-source voltage that is less than the rise time.
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12.  The high-side MOSFET switch system (200) of Claim 10 or 11, further
comprising a microcontroller (250) to provide a pulsed signal to control a switch that
provides the first voltage and the second voltage of the pulsed gate voltage, wherein the
pulsed signal establishes a duty cycle of the second time period alternating with the first

time period that is less than about 20 percent.

13. A method (300) of pulse-driven switching of a MOSFET, the method (300)
comprising:

applying (310) a first voltage for a first period of time to a gate of the MOSFET,
the first voltage being less than a turn-on threshold voltage of the MOSFET; and

applying (320) a second voltage for a second period of time to the MOSFET gate,
the second voltage being greater than the MOSFET turn-on threshold voltage, the second
period of time being less than a time period for a gate-source voltage of the MOSFET to
exceed a Miller capacitance threshold,

wherein applying (310) the first voltage alternates with applying (320) the second
voltage to provide pulse-driven switching of the MOSFET, the pulse-driven switching

controlling an inrush current provided to a capacitive load by the MOSFET.

14. The method (300) of pulse-driven switching of a MOSFET of Claim 13,
wherein a duty cycle of the second period of time alternating with the first period of time

is less than about 20 percent.

15. The method (300) of pulse-driven switching of a MOSFET of Claim 13 or
14, wherein the MOSFET comprises a plurality of MOSFETSs connected in parallel

between a direct current (DC) power supply and the capacitive load.
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