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METHOD AND APPARATUS FOR DRIVING
A POWER DEVICE

power switch, and a control circuit configured to provide
control signals to the first circuit and the second circuit to
activate/deactivate the first circuit and the second circuit. At
least one of the charging current and the discharging current
ramps from first level to a secondlevel at rate.

BACKGROUND
The background description provided herein is for the
purpose of generally presenting the context of the disclosure. Work of the presently named inventors, to the extent
the work is described in this background section, as well as
aspects of the description that may not otherwise qualify as
prior art at the time of filing, are neither expressly nor
impliedly admitted as prior art against the present disclo-

BRIEF DESCRIPTION OF THE DRAWINGS
Various embodiments ofthis disclosure that are proposed
as examples will be described in detail with reference to the
following figures, wherein like numerals reference like
elements, and wherein:
FIG. 1 showsa diagram of a system 100 according to an
embodiment of the disclosure;
FIG. 2 shows a plot 200 of waveforms according to an
embodiment of the disclosure; and
FIGS. 3 and 4 show plots of simulation results according
to an embodimentof the disclosure.

sure.
An electronic system may include a driver circuit to turn
on/off a power switch to provide powerto other components
in the electronic system. In an example, U.S. Patent Application Publication 2013/0107584 discloses a driver circuit
having a high side transistor and a low side transistor to
drive a gate of a powertransistor. The driver circuit adjusts
the resistance of the high side transistor and the low side
transistor of three distinct levels in a single switching cycle
to reduce electromagnetic interference (EMI).

DETAILED DESCRIPTION OF EMBODIMENTS

SUMMARY
25

Aspects of the disclosure provide a circuit for driving a
powerswitch. The circuit includes first circuit configured
to provide a charging current to charge a control terminal of
the power switch, a second circuit configured to provide a
discharging current to discharge the control terminal of the
power switch, and a control circuit configured to provide
control signals to the first circuit and the second circuit to
activate/deactivate the first circuit and the second circuit. At
least one of the charging current and the discharging current
ramps from first level to a secondlevel at a rate.
In an embodiment,thefirst circuit is configured to provide
a pull-up current to pull up a voltage at a gate terminal of a
metal-oxide-semiconductor field effect transistor (MOSFET) in the power switch to tur on the MOSFET.In an
example, the power switch is implemented using a silicon
carbide MOSFET.
According to an aspect of the disclosure, the first circuit
is configured to provide a pull-up current ramping up from
the first level to the second level at the rate as a function of
an inductance of an inductive component. In an embodiment, the first circuit includes a current mirror configured to
mirror a current flowing through the inductive componentto
generate the pull-up current. In an example, thefirst circuit
includes a switch configured to couple the inductive componentto the current mirror in response to one ofthe control
signals from the control circuit. Further, the first circuit
includes a diode configured to conduct a freewheel current
of the inductive component when the inductive component
is de-coupled from the current mirror.
Aspects of the disclosure provide a method for driving a
powerswitch. The methodincludesactivating a first circuit,
generating, by thefirst circuit, a current ramping from first
level to a secondlevel at a rate; and providing the current to
a control terminal of the power switch to tum on/off the
power switch.
Aspects of the disclosure provide an apparatus that
includes a power switch and a driver circuit. The power
switch is configured to be turned on/off by the drivercircuit.
The driver circuit includes a first circuit configured to
provide a charging current to charge a control terminal of the
power switch, a second circuit configured to provide a
discharging current to discharge the control terminal of the

30
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FIG. 1 showsa diagram of a system 100 according to an
embodimentof the disclosure. The system 100 includes a
powercircuit 110 configured to provide energy to other
components (not shown) in the system 100. The power
circuit 110 includes a power switch 130, and a driver circuit
140 configured to tum on/off the power switch 130 to
provide electric energy to the other components. The driver
circuit 140 is configured to provide a driving current to a
control terminal of the power switch 130 to charge/discharge
the control terminal in order to turn on/off the power switch
130. The driving current has a controlled characteristic, for
example, the driving current ramps from first level to a
second level at a specific rate. In an example, the driving
current is provided based on a current flowing through an
inductive component, such as an inductor L, and thelike,
and the rate is a function of the inductance of the inductive
component.
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The system 100 can be any suitable system. In an embodiment, the system 100 requires a relatively large power, such
as a hybrid vehicle, an electric vehicle, a wind energy
system, a printing system, and the like. During operation, in
an example, the power circuit 110 needs to provide a
relatively large current, such as in the order of Ampere and
the like, to a load component.
In another embodiment, the system 100 is a low power
system, such as a light emitting diode (LED) lighting
system. During operation, the power circuit 110 is configured to perform power regulation to regulate electrical
power from a power source, such as an AC source, a DC
source, and the like, to be suitable for driving LEDs.
According to an aspect ofthe disclosure, the power switch
130 is implemented using one or more semiconductor
switching devices. In the FIG. 1 example, the power switch
130 is implemented using an N-type metal oxide semiconductorfield effect transistor (MOSFET) Q1. In an embodiment, the N-type MOSFETQ1is implementedusing silicon
carbide (SiC) instead of silicon to improve performance for
applications that require high temperature, high voltage,
high frequency andthelike. It is noted that the power switch
130 can be implemented using multiple transistors.
The N-type MOSFET Q1 has a gate terminal, a source
terminal and a drain terminal. The N-type MOSFET Q1is
turned on/off in response to a gate voltage on the gate
terminal. In an example, when the gate voltage is smaller
than a threshold voltage, the N-type MOSFET Q1is turned
off not to conduct a drain current(e.g., Ing4zy 18 about zero)
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between the drain terminal and the source terminal, and a
voltage V,,, across the drain terminal and the source terminal is aboutthe voltage level of a powersupply, such as Vpp.
In the example, when the gate voltage increases andis larger
than the threshold voltage, a channelstarts to form between
the drain terminal and the source terminal to conduct the
drain current I,47;,, and the N-type MOSFET Q1is turned

down current, and the N-type MOSFET Q& is turned off.
When the N-type MOSFET Q5 is turned off, the drain
terminal of the N-type MOSFET Q5 hasa voltage level
about the supply voltage V,,,,thus the gate terminal of the
P-type MOSFET Q4also has the voltage level about the
supply voltage Vp, then the P-type MOSFET Q4is turned
off. Further, because the P-type MOSFET Q4is turned off,
there is no current flowing in the P-type MOSFET Q2, and
there is no current flowing in the P-type MOSFETQ3. Thus,
the P-type MOSFET Q3provides no pull-up current to the
gate terminal of the N-type MOSFET Q1.
In an embodiment, to turn on the N-type MOSFET Q1,
the control circuit 120 provides a positive pulse in the
control signal C1 and keeps the control signal C2 at logic
“0”. When the control signal C2 is at logic “0”, the N-type
MOSFET Q6is kept off not to provide pull-down current.
Whenthe control signal C1 changes from logic “0”to logic
“1” of a relatively high voltage, such as about the voltage
level of Vp, the N-type MOSFET Q&5is turned on. When
the N-type MOSFET Q5is turnedon, the voltage at the gate
terminal of the P-type MOSFET Q4is pulled down, and thus
the P-type MOSFET Q4 is turned on. When the P-type
MOSFET Q4is turned on, current starts to flow in the
inductor L and ramps up at a ramp-uprate. In an example,
the inductor voltage V; is about the voltage level of the
supple voltage V,,,, and the ramp up rate of the inductor
current i, is a function of the inductor voltage V, and the
inductance of the inductor L. The inductor current i, is
mirrored by the current mirror formed of the P-type MOSFET Q2 and Q3 to provide the pull-up current to the gate
terminal of the N-type MOSFET Q1.
The pull-up current charges up the gate terminal of the
N-type MOSFET Q1, and causes the gate voltage to
increase. When the gate voltage of the N-type MOSFET Q1
is higher than the threshold voltage for the N-type MOSFET
Q1, the N-type MOSFET Q1is turned on.
Further, when the control signal C1 changes from logic
“1” to logic “0”, the N-type MOSFET Q5is turned off, the
gate voltage of the P-type MOSFET Q4is pulled up via the
resistor R to the supply voltage V,,, and the P-type MOSFET Q4 is turned off. When the P-type MOSFET Q4is
turnedoff, current stops flowing in the P-type MOSFETQ2,
and the P-type MOSFET Q3stops providing pull-up current
to the gate terminal of the N-type MOSFETQ1, and the gate
voltage on the gate terminal of the N-type MOSFET Q1 is
maintained and keeps the N-type MOSFET Q1 turedon.
In addition, when the P-type MOSFET Q4is turned off,
the inductor voltage V, changes, and forward-biases the
diode D, thus the inductor current i, ramps down via the
diode D.
To tum off the N-type MOSFET Q1, the control circuit
120 provides a positive pulse in the control signal C2 and
keeps the control signal C1 at logic “0”. When the control
signal C1is at logic “0”, the N-type MOSFET Q5is turned
off, and the P-type MOSFETQ3provides no pull-up current
to the gate terminal of the N-type MOSFET Q1. When the
control signal C2 changes from logic “0” to logic “1” of a
relatively high voltage, such as about the voltage level of
Vop; the N-type MOSFET Q6 is turned on to provide
pull-down current to pull down the gate voltage of the
N-type MOSFET Q1. When the gate voltage of the N-type
MOSFETQ1is lower than the threshold voltage of Q1, the
N-type MOSFET Q1is turned off.
In the FIG. 1 example, the pull-down current does not
have the ramping characteristic. It is noted that, in another
example, the pull downcircuit 142 can be suitably modified
accordingto the pull-up circuit 141 to provide the pull-down

on.
According to an aspect of the disclosure, the driving
current providedto the gate terminal of the N-type MOSFET
Q1 has a controlled ramping characteristic to reduce electromagnetic interference (EMI) generated by the N-type
MOSFETQ1andto ensure the N-type MOSFET Q1having
a fast switching speed, such as over 1 MHz, andthelike.
Generally, EMInoise is a function of the current change rate
(dI/dt) of the drain current Ip,47, and the voltage change
rate (dV/dt) of the drain-source voltage Vs. In an example,
when the driving current is provided without control, the
current change rate of the drain current Ipp4;,, and the
voltage change rate of the V,,, can be large and the driving
current can cause surge and ringing and can inject a large
amount of EMInoise. In another example, whenthe driving
current is controlled to have constant value, it may take a
relatively longer timeto raise the gate voltage, and thus the
switching speed of the N-type MOSFET Q1is affected and
may not satisfy switching frequency requirement. In an
embodiment, when the driving current ramps from first
level to a second level with a ramprate, less harmonics of
the driving current are injected into the system 100, ringing
and surges can be reduced, the EMI noise generated by the
N-type MOSFET Q1 can be reduced. Also, when the ramp
rate is suitably determined andset, it takes less time for the
driving current with the ramping characteristic to charge the
gate terminal than the constant current, thus the switching
speed requirement can besatisfied.
In the FIG. 1 example, the driver circuit 140 includes a
pull-up circuit 141, a pull-down circuit 142, and a control
circuit 120. The pull-up circuit 141 further includes P-type
MOSFET Q2-Q4, and N-type MOSFET Q%5, a resistor R, a
diode D, and the inductor L with an inductance. The pulldowncircuit 142 includes the N-type MOSFET Q6. These
elements are coupled together as shown in FIG. 1.
The P-type MOSFET Q3is coupled to the gate terminal
of the N-type MOSFET Ql], and is configured to provide a
pull-up current at a time to pull up the gate voltage at the
gate terminal, and the N-type MOSFETQ6is coupled to the
gate terminal of the N-type MOSFET Q1 andis configured
to provide a pull-downcurrentat a time to pull downthe gate
voltage at the gate terminal.
The P-type MOSFET transistors Q2 and Q3 form a
current mirror to provide the pull-up current based on the
current flowing through the inductor L. The P-type MOSFET Q4 and the N-type MOSFET Q5are configured to
control the operation of the inductor L.
The control circuit 120 suitably generates control signals
C1 and C2 to control the operation of the pull-up circuit 141
and the pull-down circuit 142. Specifically, the control
signal C1 is provided to the gate terminal of the N-type
MOSFET Q%5, and the control signal C2 is provided to the
gate terminal of the N-type MOSFET Q6. The control
signals are suitably generated to turn on/off the N-type

10

15

20

25

30

35

40

45

50

55

60

MOSFETQI1.
During operation, in an example, initially the N-type
MOSFETQ1is turned off. When the control signals C1 and
C2 are logic “O” having a relatively low voltage, such as
about the voltage level of ground, V,,,Ss? and the like, the
N-type MOSFET Q6 is tured off and provides no pull-
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based on a current flowing through an inductor, such that the
pull-down current has a ramping characteristic similar to the
pull-up current.
In the FIG. 1 example, the driving current is provided and
controlled accordingto the current flowing in the inductor L,
thus the EMI noise generated by the N-type MOSFET Q1is
reduced compared to an example without current control.
Further, the ramping rate can be suitably determined andset
to satisfy a switching frequency requirement.
The control circuit 120 can be implemented using various
technology. In an example, the control circuit 120 includes
logic circuits for implementing control logics in an algorithm. In another example, the control circuit 120 is implemented as a processing circuit executing software instructions of the algorithm.
It is noted that the powercircuit 110 can be implemented
on a single integrated circuit (IC) chip, or multiple chips. In
an example, the control circuit 120, N-type MOSFET
Q5-Q6, and P-type MOSFET Q2-Q4are integrated on an IC
chip, the diode D, the inductor L, the resistor R, and the
N-type MOSFET Q1 are implemented separately and are
suitably coupled with the IC chip.
FIG. 2 shows a plot 200 of waveformsfor the system 100
according to an embodiment of the disclosure. The plot
includes a first waveform 210 for the control signal C1, a
second waveform 220 for the control signal C2, a third
waveform 230 for the inductor current i,, a fourth waveform
240 for the gate current i, of the N-type MOSFET Q1, a fifth
waveform 250 for the diode currenti, of the diode D, a sixth
waveform 260 for the inductor voltage V,, a seventh waveform 270 for the gate-source voltage V,, of the N-type
MOSFETQ1, an eighth waveform 280 for the drain voltage
Vora Of the N-type MOSFET Q1, and a ninth waveform
290 for the drain current Iz47 of the N-type MOSFET Q1.
As shown in FIG.2, initially, before time t,, the gatesource voltage Vgs is lower than the threshold voltage as
shown by 271, thus the N-type MOSFET Q1 is tumedoff,
the drain current Ip4m of the N-type MOSFET Q1is about
zero and the drain voltage Vpz4n 1s about Vpp.
At time ty, the control circuit 120 changes the control
signal C1 from logic “0”to logic “1”. The control signal C1
is provided to the pull-up circuit 141 to tum on the N-type
MOSFET Q%5, and thus turn on the P-type MOSFET Q4.
Whenthe P-type MOSFET Q4is turned on, currentstarts to
flow in the inductor L, the inductor current 1, ramps up, as
shown by 232. Further, the inductor current i, is mirrored by
the current mirror formed of the P-type MOSFET Q2 and Q3
to provide the gate currenti, (as shown by 242) to charge the
gate terminal and pull-up the gate voltage, and the gatesource voltage V,, increases, as shown by 272.
At timet,, the gate-source voltage V, is higher than the
threshold voltage for the N-type MOSFET Q1, and the
N-type MOSFET Q1 is turned on, a channel is formed
between the drain terminal and the source terminal to
conduct current, and the drain current Ipp4;, starts to
increase.
The gate terminal of the N-type MOSFET Q1 and the
channel overlap and form a capacitor C,,, and the gate
current i, starts to charge the capacitor C,..
After t,, the inductor current 1, continues ramping up, the
gate current 1, continues ramping up and charges the capacitor C,,, and the gate source voltage V,, continuesto rise and
the drain current I,,,47, rises as well as shown by 293.
At t,, the capacitor C,, is fully charged and the drain
current Inp47y reaches a limit, for example, in saturation,
thus the drain current Inz4;, stays relatively constant as
shown by 294, and the drain voltage starts to drop as shown

by 284. Atthis time, a capacitor C,,, starts to form between
the gate terminal and the source terminal of the N-type
MOSFETQ1. The capacitor C,, is fully charged, the gatesource voltage V,, becomesrelatively constant, as shown by
274, and the gate currenti, starts to charge the capacitor C,.;.
At t;, the drain voltage stops dropping, the capacitor C,.,
is fully charged, and the gate voltage V,,, starts to rise again
as shown by 275 until the gate voltage is about the voltage
level of Vpp.
Att,, the control circuit 120 changesthe control signal C1
from logic “1” to logic “0”. The control signal C1 is
provided to the pull-up circuit 141 to turn off the N-type
MOSFETQ8§, and thus to turn off the P-type MOSFET Q4.
Whenthe P-type MOSFET Q4is tumedoff, no current flows
in the P-type MOSFET Q2, thus the P-type MOSFET Q3
stops providing the pull-up current, and the gate current 1,
drops to about zero. The gate voltage on the gate terminal of
the N-type MOSFETQ1is maintained and keeps the N-type
MOSFET Q1 turned on. In addition, when the P-type
MOSFET Q4is tumedoff, the inductor voltage V, changes,
for example from about V,,,, to about Vas shown by 267,
and the diode D is forward-biased to carry the free-wheeling
current of the inductor L. The inductor current i, ramps
down (as shown by 237) via the diode D.
Att,, the control circuit 120 changesthe control signal C2
from logic “0” to logic “1”. The control signal C2 is
provided to the pull-downcircuit 142 to provide the pulldown current to the gate terminal of the N-type MOSFET
Q1. Specifically, the N-type MOSFET Q6 is turned on to
provide the pull-down current to pull down the gate voltage
of the N-type MOSFET Q1. When the gate voltage of the
N-type MOSFET Q1is lower than the threshold voltage of
Q1, the N-type MOSFET Q1 is tumedoff. In the FIG. 1
example, the pull-down current is not controlled and can
increase very high in short time as shown by 248, and thus
the drain current Ijp47 of the N-type MOSFET Q]1drops to
zero in a relatively short time as shown by 298, and the drain
voltage Virarises to Vpp in a relatively short time as
shown by 288.
It is noted that the FIG. 1 example can be suitably
modified to control the pull-down current in a ramping
characteristic similarly to the pull-up current.
FIGS. 3 and 4 show plots of simulation results to compare
the system 100 with a comparison example. The comparison
example uses a single P-type MOSFETin the place of the
pull-up circuit 141 to provide the pull up current to the
N-type MOSFET Q1. In the simulation, the N-type MOS-
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FIG. 3 shows a plot 300 of common mode EMInoise
spectrums for the system 100 and the comparison example.
The plot includesa first spectrum 310 (in light grey) for the
comparison example, and a second spectrum 320 (in grey)
for the system 100. As seen in FIG. 3, the second spectrum
320 has significant lower common mode EMInoise in the
high frequency region, such as 20 MHz to 200 MHz,and the
like, than the first spectrum 310, as shown by 330.
FIG. 4 shows a plot 400 of differential mode EMI noise
spectrums for the driver circuit 140 and the comparison
example. The plot includes a first spectrum 410 Gn dark
grey) for the comparison example, and a second spectrum
420 (in grey) for the system 100. As seen in FIG.4, the
second spectrum 420 hassignificant lower differential mode
EMInoise in the high frequency region, such as 20 MHz to
200 MHz,andthe like than the first spectrum 410, as shown

by 430.
According to an aspect of the disclosure, the driver circuit
140 provides the pull-up current in the ramping character-
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istic, and less harmonics of the gate current are injected into
the system; therefore, ringing and surges can be reduced, and
the EMI noises can be reduced. In an example, due to the
lower EMInoises, system designers are relieved from the
need to design strong EMIfilters.
In addition, in the simulation, the N-type MOSFET Q1
has less switching loss when driven by the driver circuit 140.
While aspects of the present disclosure have been
described in conjunction with the specific embodiments
thereof that are proposed as examples, alternatives, modifications, and variations to the examples may be made.
Accordingly, embodimentsas set forth herein are intended to
beillustrative and not limiting. There are changes that may
be made without departing from the scope of the claims set
forth below.

current.

providing the current to a gate terminal of a metal-oxidesemiconductorfield effect transistor (MOSFET)in the
power switch to tum on the MOSFET.
10. The method of claim 9, wherein:
providing the current to the gate terminal of a silicon
carbide MOSFETto turn on the silicon carbide MOSFET.
11. The method of claim 8, wherein generating, bythefirst
circuit, the current ramping from the first level to the second
level at the rate further comprises:
generating a pull-up current ramping up from the first
level to the second level at the rate as a function of an
inductance of the inductive component.
12. The method of claim 11, wherein generating the
pull-up current ramping up from thefirst level to the second
level at the rate as the function of the inductance of the
inductive component further comprises:
mirroring a current flowing through the inductive component to generate the pull-up current.
13. The methodof claim 12, wherein mirroring the current
flowing through the inductive component to generate the
pull-up current further comprises:
coupling the inductive component to a current mirror to
flow the current in the inductive component;
decoupling the inductive component from the current
mirror; and
flowing a freewheel current of the inductive component
via a diode.
14. An apparatus, comprising:
a power switch configured to be turned on/off by a driver
circuit; and
the driver circuit comprising:
a first circuit configured to provide a charging current
to charge a control terminal of the power switch;
a second circuit configured to provide a discharging
current to discharge the control terminal of the power
switch;
an inductive componentcoupled to the control terminal
of the power switch and directly grounded; and
acontrol circuit configured to provide control signals to
the first circuit and the second circuit to activate/
deactivate the first circuit and the second circuit, at
least one of the charging current and the discharging
current ramping from first level to a second level at

6. The circuit of claim 5, wherein thefirst circuit includes
a switch configured to couple the inductive componentto the
current mirror in response to one of the control signals from
the control circuit.
7. The circuit of claim 6, wherein the first circuit includes
a diode configured to conduct a freewheel current of the
inductive component when the inductive componentis decoupled from the current mirror.
8. A method for driving a power switch, comprising:
activating a first circuit configured to provide a charging
current to charge a control terminal of the power
switch;
generating, by thefirst circuit, a current ramping from a
first level to a secondlevelat a rate as a function of an
inductive component coupled to the control terminal of
the power switch and directly grounded; and
providing the current to a control terminal of the power
switch to turn on/off the power switch.
9. The method of claim 8, wherein providing the current
to the control terminal of the power switch to turn on/off the
power switch further comprises:

15. The apparatus of claim 14, wherein the power switch
includes a metal-oxide-semiconductorfield effect transistor
(MOSFET), and the first circuit is configured to provide a
pull-up current to pull up a voltage at a gate terminal of the
MOSFETto turn on the MOSFET.
16. The apparatus of claim 15, wherein the power switch
is implemented using a silicon carbide MOSFET.
17. The apparatus of claim 14, wherein the first circuit
comprises the inductive component having an inductance,
and the rate is a function of the inductance.
18. The apparatus of claim 17, wherein the first circuit
includes a current mirror configured to mirror a current
flowing through the inductive component to generate a
pull-up current.
19. The apparatus of claim 18, wherein the first circuit
includes a switch configured to couple the inductive component to the current mirror in response to one ofthe control
signals from the control circuit.
20. The apparatus of claim 19, wherein the first circuit
includes a diode configured to conduct a freewheel current

Whatis claimed is:
1. A circuit, comprising:
a first circuit configured to provide a charging current to
charge a control terminal of a power switch;
a second circuit configured to provide a discharging
current to discharge the control terminal of the power
switch;
an inductive component coupledto the control terminal of
the power switch and directly grounded; and
a control circuit configured to provide control signals to
the first circuit and the second circuit to activate/
deactivate the first circuit and the secondcircuit, at least
one of the charging current and the discharging current
ramping from first level to a second levelat a rate.
2. The circuit of claim 1, wherein the first circuit is
configured to provide a pull-up current to pull up a voltage
at a gate terminal of a metal-oxide-semiconductor field
effect transistor (MOSFET)in the power switch to turn on
the MOSFET.
3. The circuit of claim 2, wherein the power switch is
implemented using a silicon carbide MOSFET.
4. The circuit of claim 1, wherein the first circuit is
configured to provide a pull-up current ramping up from the
first level to the second level at the rate as a function of an
inductance of the inductive component.
5. The circuit of claim 4, wherein the first circuit includes
a current mirror configured to mirror a current flowing
through the inductive component to generate the pull-up
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of the inductive component when the inductive component
is de-coupled from the current mirror.
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