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the power transistor. The first and second secondary current sources adjust the gate drive current to control the voltage or current
rate of change and thereby the overshoot during the switching transient.
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HIGH EFFICIENCY GATE DRIVE CIRCUIT FOR POWER TRANSISTORS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional
5 Application No. 61/609,393, filed on March 12, 2012. The entire disclosure of

the above application is incorporated herein by reference.

FIELD
10 [0002] The present disclosure relates to an improved gate drive circuit
for power transistors.
BACKGROUND

[0003] Conventional voltage controlled power devices, such as IGBT
or MOSFET, have been widely adopted in many power electronics equipment,
15 such as motor drivers, inverters and switching mode power supplies. The
reliability and performance of the power device is also heavily related on its gate
driver circuit.
[0004] Figure 1 illustrates an exemplary switch leg circuit with two
IGBT devices (Q1 and Q2), which is a very popular structure adopted in many
20 industry applications, such as motor drivers and inverters. In real application,
the IGBT switch leg and DC input usually has some parasitic inductance Ls as
indicated in Figure 1. It may cause severe voltage overshoot across the switch
during switching transient.
[0005] A conventional gate driver circuit is shown in Figure 2. The

25 gate drive signal is a pulse signal with required amplitude to drive the device.
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When the gate drive signal changes from VEE (negative amplitude) to VCC
(positive amplitude), the device turns on; when the gate drive signal changes
from VCC to VEE, the device turns off. Generally, VCC is around 12 to 18V and
VEE is around 0V to -15V. The gate drive signal is applied to the gate emitter
terminal of the device through the gate resistor Rg. The gate resistor is used to
control the device (IGBT) switching behavior during switching transient, such as
voltage/current change rate. IGBT turn on and turn off waveforms for an
inductive load condition are shown in Figures 3A and 3B. Generally, the smaller
the gate resistance, the faster the switching transient will be. In an inductive
load condition, the load can be treated as a constant current source.

[0006] With continued to reference to Figures 1 and 3, the turn-on and
turn off behavior of switch Q2 is further described although a similar explanation
would apply to the behavior of switch Q1. Firstly, the turn on of the switch device
is described. Before switch Q2 turns on, the load current freewheels through the
internal diode D1 paralleled to switch Q1. At t0, the gate drive signal for switch
Q2 changes from VEE to VCC to turn on switch Q2. The gate current is large at
the beginning of turn on procedure but it decreases quickly as the voltage across
resistor Rg decreases when Vge increases as shown in Figure 3A. The current
rising rate during [t1-12] is depended by the gate current in this period (i.e., gate
resistance). If the gate resistance is small, the current change rate is fast, which
leads to a severe reverse recovery current of diode D1. There is a big current
overshoot in the current through switch Q2. Also, excessive energy will be
stored to the parasitic inductance existing in circuit, which will result in very high

voltage overshoot across Q1/D1. Furthermore, the high reverse recovery
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current may lead to high EMI noise in the circuit. Therefore, it is necessary to
limit this voltage overshoot and reverse recovery current. For the conventional
gate drive, the only possible way to increase the gate resistance is to reduce the
gate current. But the gate resistance affects the whole switching period. Thus,
the turn on delay time tyony and voltage falling time ty will increase a lot too,
which leads to high switching loss.

[0007] For turn off, at t0, the gate drive signal changes from VCC to
VEE and switch Q2 starts to turn off. Similar to the turn on, the gate current
decreases quickly when the gate voltage decreasing. The current fall rate during
[t2-t3] will also induce a high voltage overshoot across switch Q2, which may
cause device overvoltage and breakdown. It is necessary to limit this
overvoltage for reliable operation. For the conventional gate driver, this can only
be achieved by using a high value gate resistance, which also causes high
switching loss since all the switching period is slowed. Therefore, how to
effectively control the voltage/current overshoot while keeping the switching loss
small is still a challenge for the gate driver circuit.

[0008] 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 it 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 disclosure.
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SUMMARY
[0009] An improved gate drive circuit is provided for a power device,

such as a transistor. The gate driver circuit includes: a current control circuit; a
first secondary current source that is used to control the switching transient
during turn off of the power transistor and a second secondary current source
that is used to control the switching transient during turn on of the power
transistor. In operation, the current control circuit operates, during turn on of the
power transistor, to source a gate drive current to a control node of the power
transistor and, during turn off of the power transistor, to sink a gate drive current
from the control node of the power transistor. The first and second secondary
current sources adjust the gate drive current to control the voltage or current rate
of change and thereby the overshoot during the switching transient.

[0010] In one aspect of the disclosure, the first secondary current
source is operable, during turn off of the power transistor, to adjust the gate drive
current before a gate voltage of the power transistor reaches a steady state
condition and is nonoperable, during turn off of the power transistor, after the
gate voltage reaches a steady state condition. Likewise, the second secondary
current source is operable, during turn on of the power transistor, to adjust the
gate drive current before the gate voltage reaches a steady state condition and
is nonoperable, during turn on of the power transistor, after the gate voltage
reaches a steady state condition.

[0011] In another aspect of the disclosure, the first secondary current
source is configured to receive a first control signal and adjust the gate drive
current, during turn off of the power transistor, in accordance with the first control

signal, such that the first control signal is indicative of a rate of change of current
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passing through the power transistor. Similarly, the second secondary current
source is configured to receive a second control signal and adjust the gate drive
current, during turn on of the power transistor, in accordance with the second
control signal, the second control signal being indicative of a rate of change of
current passing through the power transistor. More specifically, the first and
second secondary current sources operate to adjust the gate drive current
inversely proportional to the rate of change of current passing through the power
transistor.

[0012] In yet another aspect of the disclosure, the first and second
secondary current sources adjust the gate drive current in accordance with the
rate of change of voltage at a collector node of the power transistor in addition to
or in lieu of the current change rate.

[0013] Further areas of applicability of the present disclosure will
become apparent from the detailed description provided hereinafter. It should be
understood that the detailed description and specific examples are intended for
purposes of illustration only and are not intended to limit the scope of the

disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS
[0014] Figure 1 is a schematic of a typical switching leg circuit with

parasitic inductance;
[0015] Figure 2 is a schematic of a conventional gate drive circuit;
[0016] Figures 3A and 3B are graphs illustrating switching transient
waveforms for the typical switching leg circuit with a conventional gate driver

circuit during turn on and turn off, respectively;
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[0017] Figure 4 is a schematic of a proposed active gate driver circuit
in accordance with the disclosure;
[0018] Figure 5 is a graph illustrating switching transient waveforms for
the typical switching leg circuit with the proposed active gate driver circuit during
5 turnon;
[0019] Figure 6 is a schematic of an exemplary current source
employed by the proposed gate driver circuit;
[0020] Figure 7 is a schematic illustrating exemplary techniques for
detecting the current rate of change or the voltage rate of change related to the
10  power transistor;
[0021] Figure 8 is a schematic depicting an exemplary feedback
control circuit for use in the proposed gate driver circuit;
[0022] Figure 9 is a graph illustrating switching transient waveforms for
the typical switching leg circuit with the proposed active gate driver circuit during
15 turn off;
[0023] Figure 10 is a schematic depicting another exemplary feedback
control circuit for use in the proposed gate driver circuit;
[0024] Figure 11 a schematic of a second proposed active gate driver
circuit in accordance with the disclosure;
20 [0025] Figure 12 is a schematic of a third proposed active gate driver
circuit in accordance with the disclosure;
[0026] Figure 13 is a schematic of another exemplary feedback control

circuit; and



10

15

20

WO 2013/138219 PCT/US2013/030134

[0027] Figure 14 is a schematic of yet another exemplary feedback
control circuit.

[0028] The drawings described herein are for illustrative purposes only
of selected embodiments and not all possible implementations, and are not
intended to limit the scope of the present disclosure. Corresponding reference
numerals indicate corresponding parts throughout the several views of the

drawings.

DETAILED DESCRIPTION

[0029] Figure 4 depicts an exemplary gate drive circuit 40 in
accordance with this disclosure. The gate drive circuit 40 is comprised of a
power transistor 41, a current control circuit 42, a first secondary current source
43 and a second secondary current source 44. The gate drive circuit 40 further
includes a feedback control mechanism 45 for controlling the first and second
secondary current sources 43, 44 as will be further described below. In the
exemplary embodiment, the power transistor is an insulated gate bipolar
transistor (IGBT). While reference is provided to an IGBT, it is readily
understood that the proposed gate drive circuit 40 may be used to control a
power MOSFET in place of the IGBT or extended to control other types of power
devices.

[0030] The current control circuit 42 is controlled by a gate drive signal.
In most applications, the gate drive signal is a PWM signal, the high level is used
to turn on the device and the low level is used to turn off the device. More

specifically, the current control circuit operates, during turn on of the power
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transistor, to source a gate drive current to a control node of the power transistor
and, during turn off of the power transistor, to sink a gate drive current from the
control node of the power transistor.

[0031] In the exemplary embodiment, the first and second secondary
current sources 43, 44 are implemented as voltage controlled current sources
(VCCS) shown in Figure 4. During operation, the first and second secondary
current sources 43, 44 are used to adjust the gate drive current at the control
node of the power device. More specifically, the first and second secondary
current sources 43, 44 control the voltage/current change rate and the overshoot
during the switching transient. The second secondary current source 44 is used
to control the switching transient during turn-on; whereas, the first secondary
current source 43 is used to control the turn-off transient. The amplitude of the
active control signal for two VCCS is derived from a feedback signal of the
device. The feedback signal can be sensed di/dt and/or dv/dt signal during
switching transient, which has perfectly matched time sequence to control the
di/dt or dv/dt during the switching transient.

[0032] With reference to Figures 5, the operating principle of the
proposed gate driver circuit 40 is further described during turn on of the power
transistor 41. In Figure 5, theoretical waveforms are shown without considering
the parasitic parameters in the gate drive circuit. Although the shapes of the
waveforms are portrayed accurately, the magnitudes of the waveforms are not to
scale in comparison to Figure 3A.

[0033] During IGBT turn-on, the gate drive signal turns on the current

control circuit 42 to charge up the gate voltage of the IGBT. The current control
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circuit 42 in turn supplies a current (referred to herein as “gate drive current”) to
the control node of the power transistor 41. Once the gate voltage reaches its
steady state value (i.e., VCC as positive amplitude and VEE as negative
amplitude), the gate drive current is cut off and the gate voltage remains at its
steady state value. Though the current source has a constant value as shown in
Figure 5, its amplitude can also be changed during the turn on period.

[0034] Figure 6 depicts an exemplary embodiment for the current
control circuit 42. The current control circuit 42 is comprised generally of a
current source 61 coupled via a switch Qa to the control node of the power
transistor 41 and a current sink 62 coupled via a switch Qb to the control node of
the power transistor. In the exemplary embodiment, the current source 61 as
well as the current sink 62 are implemented by a zener diode, a resistor and a
transistor as shown. Other implementations for the current control circuit 42 are
contemplated by this disclosure.

[0035] When the gate drive signal changes to high level (VCC), the
current source 61 charges the gate capacitor through switch Qa. As soon as the
gate voltage reaches the steady state value VCC, Qa turns off and the current
source 61 is cut off. The gate voltage keeps its steady state value. The
amplitude of the current source 61 can be constant or quasi-constant. Of note,
the current source 61 has sufficient amplitude to reduce the turn on delay tyon)
and voltage decreasing time ty to reduce the switching loss. Compared to a
conventional gate driver, the current source 61 can almost keep the same
amplitude and does not decrease very quickly as in the case of the conventional

gate driver.
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[0036] Once the gate voltage Vge reaches a threshold value at t1
shown in Figure 5, the current passing through the power transistor (I¢) begins to
increase. During this current rising period, the current rising slew rate is
dependent on the gate drive current. As mentioned above, the current source 61
has sufficient amplitude to reduce the delay time and voltage decreasing time to
reduce the switching loss. Also, the rate of change of the current (di/dt) passing
through the power transistor 41 is related to the gate drive current. Too high
gate drive current will result in very high di/dt, which may cause high reverse
recovery current and over-voltage in the opposite switch (e.g., Q1 shown in Fig.
1 when Q2 turns on). Therefore, during the current rising period, it is preferred
to control the current change rate.

[0037] Figure 7 illustrates exemplary techniques for detecting the
current rate of change or the voltage rate of change related to the power
transistor 41. In an exemplary embodiment, the current change rate can be
sensed by the power device's internal package or circuit parasitic inductance Ls.
Additionally or alternatively, a small capacitor 71 and resistor 72 can be used to
detect the voltage change rate. Other detection techniques are also
contemplated by this disclosure.

[0038] During turn on of the power transistor 41, the second secondary
current source 44 is used to regulate the net gate current. During the current
rising period (between t; and tz), the secondary current source 44 operates to
adjust the gate driver current in accordance with either the current change rate,

the voltage change rate or a combination thereof.

10
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[0039] Figure 8 depicts an exemplary embodiment of a feedback
control circuit 82 interfaced with the second secondary current source 44. In the
exemplary embodiment, the first feedback control circuit 82 is configured to
receive a feedback signal VFB and operable to generate a control signal for the
second secondary current source 44, where the feedback signal VFB is the
voltage signal across the parasitic inductance Vee. The second secondary
current source 44 is implemented as a simple current mirror.  Other
implementations for the feedback control circuit as well as the secondary current
source fall within the broader aspects of this disclosure.

[0040] In operation, the feedback signal VFB is compared to a
reference signal REF1 and any error between the signals is amplified by an
operational amplifier AMP1, thereby generating the control signal CTRL1. If the
current slew rate is too large, CTRL1 is high and the second secondary current
source 44 will draw more gate drive current away from the gate of the power
transistor 41. As a result, the net gate drive current will be reduced and the
current slew rate will be decreased. On the other hand, if the current slew rate is
too small, CTRL1 is low and the second secondary current source 44 will draw
less gate drive current away from the gate of the power transistor 41. Thus, the
gate drive current is adjusted inversely proportional to the rate of change of
current passing through the power transistor. This negative feedback will control
the current slew rate to the desired value set by the reference signal REF1. Itis
envisioned that the reference signal may be set based on the load condition. For
example, if the load current is high and/or the dc link voltage is high, the

reference signal is set at a relatively low level to reduce the voltage spike on

11
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IGBT. Conversely, if the load current is low and/or the dc link voltage is low,
where voltage spike issue is not so severe, the reference signal is set at a
relatively high level to minimize the switching loss. Two exemplary embodiments
are further discussed below in relation to Figures 13 and 14.

[0041] When current rising period is completed, the second secondary
current source 44 is disabled automatically. That is, the transistor current (I¢)
reaches a steady state value, thereby discontinuing the feedback control signal.
As aresult, the secondary current source ceases to adjust the gate drive current.
It is noted that the normal operation of the power transistor 41 after switching is
not otherwise affected.

[0042] In sum, the gate driver current can be adjusted by the second
secondary current source 44 during different periods of the switching transient,
which means the switching behavior can be optimized. In particular, the
current/voltage overshoot can be reduced as well as the switching loss.

[0043] Figure 13 depicts another exemplary feedback control circuit
130 which may be used in the context of the proposed gate driver circuit 40.
Feedbacks of di/dt and dv/dt less than an offset is used as the VCCS control
signal if it is positive. The control circuit includes a switch 130 to shut the
feedback control according to Vdc. If Vdc is less than a threshold, no control is
necessary because voltage spike does not exceed the destructive level. The
block between the summation and the switch guarantees only positive values
are used for control; negative values are ignored.

[0044] In a variant of the feedback control circuit 130, Vdc can be

replaced by load current. If the load current is high, the switch is on to reduce
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the current slew rate so that the current peak is suppressed. If the load current
is low, the switch is off to make full use of fast switching to reduce the loss.

[0045] Figure 14 depicts yet another exemplary feedback control
circuit 140. In this example, the reference value is adjusted continuously
according to Vdc, thereby achieving more smooth control. Likewise, Vdc can
also be replaced by load current in a variant of the feedback control circuit 140.
If the load current is high, the reference is set at a low level to reduce the current
slew rate so that the current peak is suppressed. If the load current is low, the
reference can be high to reduce the switching loss.

[0046] Each of these different embodiments of the feedback control
circuit can be applied at both turn-on and turn-off of the IGBT. Moreover,
different embodiment can also be used in combination. For example, the
reference value in feedback control circuit 140 may be adjusted continuously
according to load current during turn-on but adjusted according to Vdc during
turn-off. Also it is possible to consider both Vdc and load current at the same
time to decide the references at turn-on and/or turn-off, if peak values of both
current and voltage are critical. Selection of strategy and threshold or control
table can be obtained by experiments and analyses. Other types of feedback
control circuit also fall within the broader aspects of this disclosure.

[0047] The feedback control mechanism 45 can also be used to
control the rate of change of the voltage. In this case, the feedback signal VFB
is the voltage at the collector node of the power transistor 41; otherwise,

operation of the feedback control mechanism 45 is the same as described above

13
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in relation to control the current change rate. It is also envisioned control can be
based upon a combination of the two feedback voltage measures.

[0048] With reference to Figures 9, the operating principle of the
proposed gate driver circuit 40 is also described during turn off of the power
transistor 41. IGBT turn off is similar to that for turn on. Again, the shapes of
the waveforms are portrayed accurately while the magnitudes of the waveforms
are not to scale in comparison to Figure 3B. At t0, the gate drive signal turns off
the power device 41, the current source (sink) 62 shown in Fig. 6 is activated to
discharge gate voltage through switch Qb. Once the gate voltage reaches its
steady state value VEE, Qb turns off and the current sink 62 is cut off. The gate
voltage keeps its steady state value. The current sink 62 can be implemented by
other circuits. The amplitude of the current can be constant or quasi-constant.
Of note, the current sink 62 has sufficient amplitude to reduce the turn on delay
tqorry @nd voltage rising time t to reduce the switching loss. Compared to
conventional gate drive, the current sink 62 can almost keep the same amplitude
and does not decrease very quickly as compared to the conventional gate driver.

[0049] Once the collector voltage Vce reaches the input voltage at t2
shown in Fig. 9, the current passing through the power transistor begins to
decrease. During this current decreasing period, the current slew rate is
depended on the gate drive current. As mentioned above, the current source
has sufficient amplitude to reduce the delay time and voltage rising time to
reduce the switching loss. Also, the current change rate di/dt is related to the
gate drive current. Too high gate drive current will result in very high di/dt, which

may cause high voltage overshoot of the device due to the induced voltage
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across the parasitic inductance inevitably existing in the circuit. Therefore,
during the current decreasing period, it is preferred to control the current change
rate.

[0050] During turn off of the power transistor 41, the first secondary
current source 43 is used to regulate the net gate current. During the current
falling period (between t, and ts), the first secondary current source 43 operates
to adjust the gate driver current in accordance with either the current change
rate, the voltage change rate or a combination thereof.

[0051] Figure 10 depicts an exemplary embodiment of a feedback
control circuit 92 interface with the first secondary current source 43. In the
exemplary embodiment, the feedback control circuit 92 is configured to receive a
feedback signal VFB and operable to generate a control signal for the first
secondary current source 43, where the feedback signal VFB is the voltage
signal across the parasitic inductance Vee as shown in Figure 7. The first
secondary current source 44 is implemented as a simple current mirror. Other
implementations for the feedback control circuit also fall within the broader
aspects of this disclosure.

[0052] In operation, the feedback signal VFB is compared to a
reference signal REF2 using an operational amplifier AMP2. Any error between
the signals is amplified and output as the control signal CTRL 2 to the first
secondary current source 43. |If the slew rate is too large, the control signal
CTRL2 is large too, which in turn forces the first secondary current source 43 to
inject a high current to gate to reduce the net discharged gate current.

Therefore, the current change rate is reduced. On the other hand, if the current
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slew rate is too small, the control signal CTRL2 is low and the first secondary
current source 43 will adjust the gate drive current to increase the net discharge
gate current and thereby increase the current change rate. Thus, the gate drive
current is adjusted inversely proportional to the rate of change of current passing
through the power transistor.

[0053] When this period is finished, the first secondary current source
43 is disabled automatically. That is, the transistor current (lc) reaches a steady
state value after ts, thereby discontinuing the feedback control signal. As a
result, the first secondary current source 43 ceases to adjust the gate drive
current. It is noted that the normal operation of the power transistor 41 after
switching is not otherwise affected.

[0054] Figure 11 depicts a second exemplary embodiment for an
active gate drive circuit 110 in accordance with this disclosure. The gate drive
circuit 110 is comprised of a power transistor 41, a first and second voltage
controlled current source 111, 112, and a feedback control mechanism 45 for
controlling the first and second voltage controlled current sources 111, 112. In
this embodiment, a constant current source is integrated into each of the two
voltage controller current sources 111, 112 and the gate drive signal input
directly into each of the two voltage controller current sources 111, 112;
otherwise, this embodiment operates in the manner set forth above in relation to
gate drive circuit 40.

[0055] Figure 12 depicts a third exemplary embodiment for an active
gate drive circuit 120 in accordance with this disclosure. The gate drive circuit

120 is comprised of a power transistor 41, a first and second voltage source 121,
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122, a first and second voltage controlled current source 43, 44, and a feedback
control mechanism 45 for controlling the first and second voltage controlled
current sources 43, 44. In this embodiment, the first and second voltage source
121, 122 replace the constant current source. It is noted that there is no
resistance or a small resistance between the first and second voltage sources
121, 122 and the gate of the transistor 41. In this way, the gate drive current can
be maximized to reduce current rising (or falling) period; otherwise, this
embodiment operates in the manner set forth above in relation to gate drive
circuit 40.

[0056] The foregoing description is merely illustrative in nature and is
in no way intended to limit the disclosure, its application, or uses. The broad
teachings of the disclosure can be implemented in a variety of forms. Therefore,
while this disclosure includes particular examples, the true scope of the
disclosure should not be so limited since other modifications will become
apparent upon a study of the drawings, the specification, and the following
claims. For purposes of clarity, the same reference numbers will be used in the
drawings to identify similar elements. As used herein, the phrase at least one of
A, B, and C should be construed to mean a logical (A or B or C), using a non-
exclusive logical OR. It should be understood that one or more steps within a
method may be executed in different order (or concurrently) without altering the

principles of the present disclosure.
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CLAIMS
What is claimed is:

1. A gate drive circuit for a power transistor, comprising:

a power transistor having a control node;

a current control circuit operable, during turn on of the power transistor, to
source a gate drive current to a control node of the power transistor and, during
turn off of the power transistor, to sink a gate drive current from the control node
of the power transistor;

a first secondary current source is configured to receive a first control
signal and adjust the gate drive current, during turn off of the power transistor, in
accordance with the first control signal, the first control signal being indicative of
a rate of change of current passing through the power transistor; and

a second secondary current source is configured to receive a second
control signal and adjust the gate drive current, during turn on of the power
transistor, in accordance with the second control signal, the second control
signal being indicative of a rate of change of current passing through the power

transistor.

2. The gate drive circuit of claim 1 further comprises
a first feedback control circuit configured to receive a feedback signal
measured at an emitter of the power transistor and operable to generate the first

control signal; and
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a second feedback control circuit configured to receive the feedback

signal and operable to generate the second control signal.

3. The gate drive circuit of claim 1 wherein the first secondary current
source is operable, during turn off of the power transistor, to adjust the gate drive
current before a gate voltage of the power transistor reaches a steady state
condition and is nonoperable, during turn off of the power transistor, after the

gate voltage reaches a steady state condition.

4. The gate drive circuit of claim 1 wherein the second secondary
current source is operable, during turn on of the power transistor, to adjust the
gate drive current before the gate voltage reaches a steady state condition and
is nonoperable, during turn on of the power transistor, after the gate voltage

reaches a steady state condition.

5. The gate driver circuit of claim 1 wherein the power transistor is

further defined as an insulated gate bipolar transistor.

6. The gate driver circuit of claim 1 wherein the current control circuit
includes a current source electrically coupled via a source switch to the control
node of the power transistor and a current sink electrically coupled via a sink
switch to the control node of the power transistor, such that the source switch

and sink switch are controlled by a gate drive signal.
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7. The gate drive circuit of claim 1 wherein the first secondary current
source is implemented as a current mirror and the second secondary current

source is implemented as a current mirror.

8. The gate drive circuit of claim 1 further comprises a feedback
control circuit wherein the feedback control circuit generates a control signal, in
accordance with a reference signal, for at least one of the first secondary current
source and the second secondary current source and the reference signal is

adjusted according to load conditions.

9. A gate drive circuit for a power transistor, comprising:

a power transistor having a control node;

a current control circuit operable, during turn on of the power transistor, to
source a gate drive current to a control node of the power transistor and, during
turn off of the power transistor, to sink a gate drive current from the control node
of the power transistor;

a first secondary current source is configured to receive a first control
signal and adjust the gate drive current, during turn off of the power transistor, in
accordance with the first control signal, the first control signal being indicative of
a rate of change of voltage at a collector node of the power transistor; and

a second secondary current source is configured to receive a second
control signal and adjust the gate drive current, during turn on of the power
transistor, in accordance with the second control signal, the second control
signal being indicative of a rate of change of current passing through the power

transistor.

20



10

15

20

WO 2013/138219 PCT/US2013/030134

10.  The gate drive circuit of claim 9 further comprises

a first feedback control circuit configured to receive a feedback signal
measured at an emitter of the power transistor and operable to generate the first
control signal; and

a second feedback control circuit configured to receive the feedback

signal and operable to generate the second control signal.

11.  The gate drive circuit of claim 9 wherein the first secondary current
source is operable, during turn off of the power transistor, to adjust the gate drive
current before a gate voltage of the power transistor reaches a steady state
condition and is nonoperable, during turn off of the power transistor, after the

gate voltage reaches a steady state condition.

12.  The gate drive circuit of claim 9 wherein the second secondary
current source is operable, during turn on of the power transistor, to adjust the
gate drive current before the gate voltage reaches a steady state condition and
is nonoperable, during turn on of the power transistor, after the gate voltage

reaches a steady state condition.

13.  The gate driver circuit of claim 9 wherein the power transistor is

further defined as an insulated gate bipolar transistor.
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14.  The gate driver circuit of claim 9 wherein the current control circuit
includes a current source electrically coupled via a source switch to the control
node of the power transistor and a current sink electrically coupled via a sink
switch to the control node of the power transistor, such that the source switch

5 and sink switch are controlled by a gate drive signal.

15.  The gate drive circuit of claim 9 wherein the first secondary current
source is implemented as a current mirror and the second secondary current
source is implemented as a current mirror.

10

16. The gate drive circuit of claim 9 further comprises a feedback
control circuit wherein the feedback control circuit generates a control signal, in
accordance with a reference signal, for at least one of the first secondary current
source and the second secondary current source and the reference signal is

15  adjusted according to load conditions.

17. A gate drive circuit for a power transistor, comprising:
a power transistor having a control node;
a current control circuit operable, during turn on of the power
20 transistor, to source a gate drive current to a control node of the power
transistor and, during turn off of the power transistor, to sink a gate drive

current from the control node of the power transistor;
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a first secondary current source is operable, during turn off of the
power transistor, to adjust the gate drive current before a gate voltage of
the power transistor reaches a steady state condition and is nonoperable,
during turn off of the power transistor, after the gate voltage reaches a
steady state condition; and

a second secondary current source is operable, during turn on of
the power transistor, to adjust the gate drive current before the gate
voltage reaches a steady state condition and is nonoperable, during turn
on of the power transistor, after the gate voltage reaches a steady state

condition.

18. The gate drive circuit of claim 17 wherein the first secondary
current source operates to adjust the gate drive current in accordance with a rate
of change of current passing through the power transistor during turn off of the
power transistor; and the second secondary current source operates to adjust
the gate drive current in accordance with a rate of change of current passing

through the power transistor during turn on of the power transistor.

19.  The gate drive circuit of claim 17 wherein the current control circuit
is nonoperable, during turn off of the power transistor, after the gate voltage
reaches a steady and is nonoperable, during turn on of the power transistor,

after the gate voltage reaches a steady state condition state condition.
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20. The gate drive circuit of claim 17 wherein the first secondary
current source is nonoperable during turn on of the power transistor and second

secondary current source is nonoperable during turn off of the power transistor.

21.  The gate driver circuit of claim 17 wherein the power transistor is

further defined as an insulated gate bipolar transistor.

22.  The gate driver circuit of claim 17 wherein the current control circuit
includes a current source electrically coupled via a source switch to the control
node of the power transistor and a current sink electrically coupled via a sink
switch to the control node of the power transistor, such that the source switch

and sink switch are controlled by a gate drive signal.

23. The gate drive circuit of claim 17 wherein the first secondary
current source is implemented as a current mirror and the second secondary

current source is implemented as a current mirror.

24. The gate drive circuit of claim 17 wherein the first secondary
current source operates to adjust the gate drive current in accordance with a rate
of change of voltage at a collector node of the power transistor during turn off of
the power transistor; and the second secondary current source operates to
adjust the gate drive current in accordance with a rate of voltage at a collector

node of the power transistor during turn on of the power transistor.
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25. The gate drive circuit of claim 24 further comprises a feedback
control circuit configured to receive a signal indicative of the rate of change of
voltage and generate a control signal for at least one of the first secondary

current source and the second secondary current source.

26. The gate drive circuit of claim 17 further comprises a feedback
control circuit wherein the feedback control circuit generates a control signal, in
accordance with a reference signal, for at least one of the first secondary current
source and the second secondary current source and the reference signal is

adjusted according to load conditions.

27. A gate drive circuit for a power transistor, comprising:

a power transistor having a control node;

a first voltage controlled current source configured, during turn off
of the power transistor, to sink a gate drive current from the control node
of the power transistor and operable, during turn off of the power
transistor, to adjust the gate drive current before a gate voltage of the
power transistor reaches a steady state condition, where the first voltage
controlled current source configured is nonoperable, during turn off of the
power transistor, after the gate voltage reaches a steady state condition;

and

25



10

15

20

WO 2013/138219 PCT/US2013/030134

a second voltage controlled current source configured, during turn
on of the power transistor, to source a gate drive current to a control node
of the power transistor and operable, during turn on of the power
transistor, to adjust the gate drive current before the gate voltage reaches
a steady state condition, where the second voltage controller current
source is nonoperable, during turn on of the power transistor, after the

gate voltage reaches a steady state condition.

28. The gate drive circuit of claim 27 wherein the first voltage
controlled current source operates to adjust the gate drive current in accordance
with a rate of change of current passing through the power transistor during turn
off of the power transistor; and the second voltage controlled current source
operates to adjust the gate drive current in accordance with a rate of change of
current passing through the power transistor during turn on of the power

transistor.

29. The gate drive circuit of claim 27 wherein the first voltage
controlled current source is nonoperable during turn on of the power transistor
and second voltage controlled current source is nonoperable during turn off of

the power transistor.

30. The gate driver circuit of claim 27 wherein the power transistor is

further defined as an insulated gate bipolar transistor.
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31. The gate driver circuit of claim 27 wherein the first voltage
controlled current source operates to adjust the gate drive current in accordance
with a rate of change of voltage at a collector node of the power transistor during
turn off of the power transistor; and the second voltage controlled current source

5 operates to adjust the gate drive current in accordance with a rate of voltage at a

collector node of the power transistor during turn on of the power transistor.

32. The gate drive circuit of claim 27 further comprises a feedback
control circuit configured to receive a signal indicative of the rate of change of
10 voltage and generate a control signal for at least one of the first secondary

current source and the second secondary current source.

33. The gate drive circuit of claim 27 further comprises a feedback

control circuit wherein the feedback control circuit generates a control signal, in

15 accordance with a reference signal, for at least one of the first secondary current
source and the second secondary current source and the reference signal is

adjusted according to load conditions.

34. A gate drive circuit for a power transistor, comprising:
20 a power transistor having a control node;
a first voltage source coupled to the control node and operable,
during turn off of the power transistor, to sink a gate drive current from the

control node of the power transistor;
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a second voltage source coupled to the control node and operable,
during turn on of the power transistor, to source a gate drive current to the
control node of the power transistor;

a first secondary current source is operable, during turn off of the
power transistor, to adjust the gate drive current before a gate voltage of
the power transistor reaches a steady state condition and is nonoperable,
during turn off of the power transistor, after the gate voltage reaches a
steady state condition; and

a second secondary current source is operable, during turn on of
the power transistor, to adjust the gate drive current before the gate
voltage reaches a steady state condition and is nonoperable, during turn
on of the power transistor, after the gate voltage reaches a steady state

condition.

35. The gate drive circuit of claim 34 wherein the first secondary
current source operates to adjust the gate drive current in accordance with a rate
of change of current passing through the power transistor during turn off of the
power transistor; and the second secondary current source operates to adjust
the gate drive current in accordance with a rate of change of current passing

through the power transistor during turn on of the power transistor.
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36. The gate drive circuit of claim 34 wherein the first voltage source is
nonoperable, during turn off of the power transistor, after the gate voltage
reaches a steady and the second voltage source is nonoperable, during turn on
of the power transistor, after the gate voltage reaches a steady state condition

5 state condition.

37. The gate drive circuit of claim 34 wherein the first secondary
current source is nonoperable during turn on of the power transistor and second
secondary current source is nonoperable during turn off of the power transistor.

10
38.  The gate driver circuit of claim 34 wherein the power transistor is

further defined as an insulated gate bipolar transistor.

39. The gate driver circuit of claim 34 wherein the first secondary
15  current source is implemented as a current mirror and the second secondary

current source is implemented as a current mirror.

40. The gate drive circuit of claim 34 wherein the first secondary

current source operates to adjust the gate drive current in accordance with a rate

20 of change of voltage at a collector node of the power transistor during turn off of
the power transistor; and the second secondary current source operates to
adjust the gate drive current in accordance with a rate of voltage at a collector

node of the power transistor during turn on of the power transistor.
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41. The gate drive circuit of claim 34 further comprises a feedback
control circuit configured to receive a signal indicative of the rate of change of
voltage and generate a control signal for at least one of the first secondary

current source and the second secondary current source.

42. The gate drive circuit of claim 34 further comprises a feedback
control circuit wherein the feedback control circuit generates a control signal, in
accordance with a reference signal, for at least one of the first secondary current
source and the second secondary current source and the reference signal is

adjusted according to load conditions.
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