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DESCRIPTION

[0001] The present disclosure relates generally to gate drive circuits for semiconductor
devices, and more particularly to gate drive circuits for insulated gate bipolar transistors
(IGBTs).

[0002] Semiconductor devices such as IGBTs can be used in many electrical systems as
electronic switching elements for a variety of applications. For instance, IGBTs can be used in
bridge circuits of a power converter to convert alternating current (AC) power to direct current
(DC) power, and vice versa. Often a freewheeling diode is coupled in parallel with the IGBT to
control current flow in, for instance, a bridge circuit. IGBTs typically include three terminals,
including a gate, a collector, and an emitter. The IGBT can be operated as a switching element
by controlling the gate-emitter voltage using a gate drive circuit. For instance, when the gate-
emitter voltage exceeds a threshold voltage for the IGBT, the IGBT can be turned on such that
current can flow through the collector and emitter of the IGBT. When the gate-emitter voltage is
less than the threshold voltage for the IGBT, the IGBT can be turned off such that current flow
through the collector and emitter is limited. See US 2011/0133790 and US 2013/0278298, for
example.

[0003] During operation of the IGBT, it is important to turn the IGBT on and off quickly to
reduce turn-off loss. Reducing the turn-off gate resistance associated with the IGBT can allow
the IGBT to turn off quicker. During typical IGBT turn off, a parasitic miller capacitance from the
gate-collector works in conjunction with the turn-off gate resistance to control the rate of
voltage changes (dv/dt) of the collector-emitter voltage. However, a typical IGBT structure has
inherent properties that limit the speed at which an IGBT can be turned off. More particularly,
as explained in more detail below, when the gate-emitter voltage is negative with respect to a
drift region of the IGBT, an adjoining drift region to a gate oxide layer tends toward inversion
and becomes a shunt for displacement charge from the collector through the shunt to the
emitter.

[0004] For instance, FIG. 1 depicts a plurality of example IGBT structures 100 that can be
used in a variety of applications. The example IGBT structures 100 are provided for purposes
of illustration and discussion. As shown, each IGBT structure 100 includes a gate 110, a
collector 120, and an emitter 130. A gate oxide layer 150 is located adjacent to the gate 110.

[0005] Each IGBT structure 100 can include a drift region 135 where under blocking
conditions, the majority of the voltage is accumulated. For increasing blocking on the IGBT,
displacement current can flow to the gate 110 unless the gate 110 becomes oppositely biased
with respect to the emitter 130, at which point that negative bias will force the like polarity
carriers out of the drift region 135 away from the proximity of the gate oxide layer 150.
Displacement currents then can use the channel 140 that is formed to the emitter 130, rather
than using the gate drive as a way to travel to the emitter 130. The channel 140 that is formed
provides a path or "shunt" connecting to a P+ region adjacent to the emitter 130. Having an



DK/EP 2884664 T3

inverted charge in the N- region near the gate oxide layer 150 can create a blocking region,
causing the current from the miller capacitance to flow into the emitter 130 instead of the gate
150.

[0006] The presence of the inversion shunt or channel 140 can affect the miller capacitance of
the IGBT during turn off. For instance, if the inversion shunt 140 is allowed to exist when the
IGBT 100 is turning off and collector current is still flowing, the natural feedback of the miller
capacitance of the IGBT 100 can be bypassed. This can reduce the effect of miller capacitance
on the rate of voltage changes (dv/dt) of the collector-emitter voltage, allowing the IGBT 100 to
potentially have an overvoltage of the collector-emitter voltage during turn off.

[0007] In addition, quicker turn on of the IGBT can lead to "snap off behavior of a freewheeling
diode coupled in parallel with the other IGBT of a phase leg during reverse recovery of the
diode. The "snap off behavior (i.e. high rate of change (di/dt) of reverse recovery current in the
diode) can lead to voltage spikes. This in turn can lead to damage the diode and can ultimately
cause a circuit failure.

[0008] Thus, a need exists for an gate drive circuit and method that can provide for improved
control of the rate of voltage changes (dv/dt) of the collector-emitter voltage during
semiconductor turn off. A gate drive circuit and method that provides for control of voltage
change rates of the collector-emitter voltage during a period of time when a freewheeling diode
is experiencing diode reverse recovery would be particularly useful.

[0009] Various aspects and advantages of the invention will be set forth in part in the following
description, or may be clear from the description, or may be learned through practice of the
invention.

[0010] GB 2 417 149 A discloses a system where a current applied by driver to charge or
discharge the gate of an IGBT is adapted from cycle to cycle in dependence on the response
of the IGBT measured at a predetermined instant in each cycle.

[0011] The present invention is defined by the appended claims.

[0012] Variations and modifications can be made to these example aspects of the present
disclosure.

[0013] Various features, aspects and advantages of the present invention will become better
understood with reference to the following description and appended claims. The
accompanying drawings, which are incorporated in and constitute a part of this specification,
illustrate embodiments of the invention and, together with the description, serve to explain the
principles of the invention. In the drawings:

FIG. 1 depicts example IGBT structures;

FIG. 2 depicts an example bridge circuit according to an embodiment of the present disclosure;
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FIG. 3 depicts an example gate drive circuit for an IGBT according to an embodiment of the
present disclosure;

FIG. 4 depicts an example gate drive waveform that can be applied by an active gate control
circuit according to an embodiment of the present disclosure;

FIG. 5 depicts a flow diagram of an example method for gating an IGBT according to an
embodiment of the present disclosure; and

FIGS. 6 and 7 depict simulation results for an example gate drive circuit for an IGBT according
to an example embodiment of the present disclosure.

[0014] Reference now will be made in detail to embodiments of the invention, one or more
examples of which are illustrated in the drawings. Each example is provided by way of
explanation of the invention, not limitation of the invention. In fact, it will be apparent to those
skilled in the art that various modifications and variations can be made in the present invention
without departing from the scope or spirit of the invention. For instance, features illustrated or
described as part of one embodiment can be used with another embodiment to yield a still
further embodiment. Thus, it is intended that the present invention covers such modifications
and variations as come within the scope of the appended claims and their equivalents.

[0015] Generally, example aspects of the present disclosure are directed to high performance
gate drives for driving semiconductor switching elements, such as insulated gate bipolar
transistors (IGBTs). The gate drive circuits and methods according to aspects of the present
disclosure can provide for improved control of rate of collector-emitter voltage changes (dv/dt)
and/or rate of collector current changes (di/dt) during turn off. As a result, the peak voltage
across the IGBT at turn off can be more effectively controlled, leading to the ability to have
faster switching times and reduced switching losses of the IGBT through the use of lower
values of gate resistance. The present disclosure is discussed with reference to driving IGBTs
for purposes of illustration and discussion. Those of ordinary skill in the art, using the
disclosures provided herein, will understand that certain aspects of the present disclosure are
also applicable to other semiconductor switching devices.

[0016] An example high performance gate drive according to embodiments of the present
disclosure can control the gate voltage applied to the gate of the IGBT to one or more
intermediate voltages between the IGBT gate "On" voltage and the gate "Off' voltage. For
instance, the intermediate voltage level can be applied by the gate drive circuit as long as the
collector current for the IGBT is non-zero. In addition, a passive feedback network can be
provided between the collector and the gate of the IGBT to provide a high bandwidth feedback
loop.

[0017] According to particular aspects of the present disclosure, the gate-emitter voltage of the
IGBT can be controlled in a small signal manner during IGBT turn off. More particularly, the
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gate-emitter voltage can be slightly below the threshold voltage so that the current from the
dv/dt through the miller capacitance makes the gate voltage at the IGBT itself to be near the
threshold voltage. When the IGBT is controlled in a small signal manner during turn off, the
IGBT can be an effective snubber circuit for a freewheeling diode coupled in parallel with the
IGBT which can be physically very close to the IGBT.

[0018] Aspects of the present disclosure will now be discussed with reference to applying a
first voltage, a second voltage, a third voltage, and a fourth voltage to a gate of an IGBT. The
use of the terms "first," "second,” "third", and "fourth" are used to differentiate between the
voltage levels and are not used to indicate either magnitude or order of sequence of the
voltages applied to the gate of the IGBT.

[0019] More particularly, a high performance gate drive circuit according to an example
embodiment of the present disclosure can include an active gate control circuit configured to
apply a first voltage above the threshold voltage of the IGBT to the gate of the IGBT to turn on
the IGBT and to apply a second voltage below the threshold voltage of the IGBT to the gate of
the IGBT to turn off the IGBT. The second voltage can be the lowest of all voltages applied to
the gate of the IGBT. When the first voltage or the second voltage is applied to the gate of the
IGBT, the IGBT is operated in a large signal manner, effectively causing the IGBT to be fully on
during application of the first voltage or fully off during application of the second voltage. During
IGBT turn off, the IGBT can be controlled in a small signal manner such that the gate-emitter
voltage of the IGBT is near the threshold voltage. More particularly, a third voltage can be
applied to the gate of the IGBT by the gate driver circuit to control dv/dt of the collector-emitter
voltage and di/dt of the collector current during a first turn off period. The third voltage can be a
positive voltage that is less than the first voltage and greater than the second voltage.

[0020] In addition, a fourth voltage can be applied to the gate of the IGBT during a second turn
off period that is subsequent to the first turn off period. The fourth voltage can be less than the
third voltage and greater than the second voltage. The second turn off period can correspond
to a period of reverse recovery of a freewheeling diode coupled in parallel with the IGBT. The
fourth voltage can provide protection to the diode during reverse recovery. For instance, the
fourth voltage can be applied to protect the diode from transient reverse voltage as a result of
diode "snap off' behavior. The fourth voltage can be set to allow normal diode dv/dt of the
collector-emitter voltage plus margin so that only the high dv/dt that occurs during "snap off is
limited by the feedback loop of the miller capacitance in the IGBT.

[0021] With reference now to the FIGS., example embodiments of the present disclosure will
now be discussed in detail. FIG. 2 depicts an example bridge circuit 200 that can be used, for
instance, in a power converter. The bridge circuit 200 includes a first IGBT 210 (e.g. an "upper”
IGBT) and a second IGBT 220 (e.g. a "lower" IGBT). The first IGBT 210 can include a gate
212, a collector 214, and an emitter 216. Similarly, the second IGBT 220 can include a gate
222, a collector 224, and an emitter 226.

[0022] A first freewheeling diode 215 can be coupled in parallel with the first IGBT 210. A
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second freewheeling diode 225 can be coupled in parallel with the second IGBT 220. The first
freewheeling diode 215 and the second freewheeling diode 225 can exhibit reverse recovery
characteristics when switching from a conducting state to a blocking state. More particularly,
when switching from a conducting state to a blocking state, a large current can flow through
the diode in the reverse direction for a short time until a reverse recovery charge is depleted.

[0023] The bridge circuit can include a gate drive circuit 300. The gate drive circuit 300 can
control the gate-emitter voltages of the respective gates of the first IGBT 210 and the second
IGBT 220 to control the switching of the first IGBT 210 and the second IGBT 220. For instance,
the gate drive circuit 300 can provide pulse width modulation (PWM) commands to the first
IGBT 210 and the second IGBT 220 to convert an alternating current power at the input 230 of
the bridge circuit 200 to a direct current power or vice versa.

[0024] FIG. 3 depicts an example gate drive circuit 300 according to an example embodiment
of the present disclosure. The gate drive circuit 300 will be discussed with reference to
controlling a gate-emitter voltage of the first IGBT 210. The gate drive circuit 300 can be
configured to control the gate-emitter voltage of additional IGBTs, such as the second IGBT
220 shown in FIG. 2.

[0025] Referring back to FIG. 3, the gate drive circuit 300 includes an active gate control circuit
310. The active gate control circuit 310 can be configured to apply voltages, via a gate resistor
312, to the gate 212 of the IGBT 210 to control operation of the IGBT. The active gate control
circuit 310 can include one or more control devices or circuits, such as one or more controllers,
microprocessors, logic devices, memory units, microcontrollers, or other control devices. The
active gate control circuit 310 can receive commands (e.g. PWM commands) from other
system controllers, such as controller for a power generation system in which the gate drive
circuit 300 is used.

[0026] In one example embodiment, the active gate control circuit 310 can include one or
more processors and one or more computer-readable media. The one or more processors can
be configured to execute computer-readable instructions stored in the one or more computer-
readable media to cause the active gate control circuit 310 to perform operations, such as
applying a voltage to the gate 212 of the IGBT 210 in accordance with example aspects of the
present disclosure.

[0027] The active gate control circuit 310 can receive feedback elements from the IGBT 210.
For instance, as shown the active gate control circuit 310 can received feedback of the
collector current IC as well as the collector-emitter voltage VCE and gate-emitter voltage VGE.
Other active feedback elements can be included without deviating from the scope of the
present disclosure.

[0028] In example embodiments, the gate drive circuit 300 can further include a passive
feedback network 320. The passive feedback network 320 can include a passive feedback
element coupled between the collector 214 of the IGBT 210 and the gate 212 of the IGBT 210.
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The passive feedback element can be, for instance, a capacitor. The passive feedback
network 320 may be included to provide a high bandwidth feedback loop for control stability.

[0029] According to particular aspects of the present disclosure, the active gate control circuit
310 can provide four different voltage levels via the gate resistor 312 to the gate 212 of the
IGBT 210. The four different voltage levels correspond to four different operating modes of the
IGBT 210.

[0030] A first operating mode can be an "IGBT ON" operating mode of the IGBT 210. The
IGBT ON mode can correspond to a period of time when the IGBT 210 is turned on such that
current flows through the collector 214 and emitter 216 of the IGBT 210. During the IGBT ON
mode, the active gate control circuit 310 can apply a first voltage in a large signal manner to
the gate 212 of the IGBT 210. The first voltage can be sufficiently greater than the threshold
voltage for the IGBT 210 so that the IGBT 210 is fully on. For instance, the first voltage can be
in the range of about 10V to about 15V, such as about 15V. As used herein, the term "about"
used in relation with a specified value is intended to refer to within 20% of the specified value.

[0031] A second operating mode can be an "IGBT OFF" operating mode of the IGBT 210. The
IGBT OFF mode can correspond to a period of time when the IGBT 210 is turned off such that
current flowing through the collector 214 and emitter 216 of the IGBT 210 is limited. During the
IGBT OFF mode, the active gate control circuit 210 can apply a second voltage in a large
signal manner to the gate 212 of the IGBT 210. The second voltage can be sufficiently less
than the threshold voltage for the IGBT 210 so that the IGBT is fully off. For instance, the
second voltage can be in the range of about -2V to about -7V, such as about -7V.

[0032] During turn off of the IGBT 210 (e.g. transitioning from the IGBT ON mode to the IGBT
OFF mode), the active gate control circuit 310 can control the IGBT in a small signal manner
by controlling the gate-emitter voltage of the IGBT 210 to be near the threshold voltage. More
particularly, the active gate control circuit 310 can operate the IGBT 210 in an "IGBT Turn-Off
mode for a first turn off time period. Subsequent to the first turn off period, the active gate
control circuit can transition to operate the IGBT 210 in a "Diode Recovery" mode for a second
turn off time period.

[0033] The IGBT Turn-Off mode can correspond to a period of time when the IGBT 210 is
turning off. During the IGBT Turn-Off mode, the active gate control circuit 210 can apply a third
voltage to the gate 212 of the IGBT 210. The third voltage can be a voltage near the threshold
voltage to control the IGBT 210 in a small signal manner, such as a positive voltage (e.g. a
voltage greater than 0V) that is less than the first voltage and greater than the second voltage.
For instance, the third voltage can be in the range of about OV to about 8V, such as about 4V.
The active gate control circuit 210 can operate the IGBT 210 in an IGBT Turn-Off Mode while a
non-zero collector current Ic is flowing in the collector 214 of the IGBT 210 to reduce dv/dt of
the collector-emitter voltage VCE during turn off. The reduction of dv/dt can limit voltage peaks
in the collector-emitter voltage VCE.
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[0034] The Diode Recovery mode can correspond to a period of time of diode reverse
recovery of the freewheeling diode coupled in parallel with the IGBT 210. During the Diode
Recovery mode, the active gate control circuit 210 can apply a fourth voltage to the gate 212 of
the IGBT 210. The fourth voltage can be a voltage near the threshold voltage of the IGBT 210
to control the IGBT 210 in a small signal manner, such as a positive voltage (e.g. a voltage
greater than 0V) that is less than the third voltage and greater than the second voltage. For
instance, the fourth voltage can be in the range of about 1V to about 5V, such as about 1V.
The fourth voltage can be applied for a time sufficient for the freewheeling diode to deplete its
reverse recovery charge, at which point the active gate control circuit can apply the second
voltage to operate the IGBT 210 in the IGBT OFF mode.

[0035] FIG. 4 depicts a graphical representation of a voltage waveform 410 applied by the
active gate control circuit 310 during turn off of the IGBT 210. Waveform 410 represents the
voltage applied by the active gate control circuit to the gate 212 of the IGBT 210. As shown,
the active gate control circuit 310 can apply a first voltage from time t0 to time t1 to operate the
IGBT 210 in an IGBT ON mode. The active gate control circuit 310 can apply a second voltage
after a time t3 to operate the IGBT 210 in an IGBT OFF mode. Between the IGBT ON mode
and the IGBT OFF mode, the active gate control circuit 310 can apply a third voltage to the
gate 212 of the IGBT 210 to operate the IGBT 210 in a IGBT Turn-Off Mode for a first turn off
period from time t1 to time t2. Subsequent to the first turn off period, the active gate control
circuit 310 can apply a fourth voltage to the gate 212 of the IGBT 210 to operate the IGBT 210
in a Diode Recovery mode for a second turn off period from time 2 to time t3.

[0036] FIG. 4 further depicts two cases of collector-emitter voltage (VCE) resulting from driving
the IGBT 210 in accordance with waveform 410. Waveform 420 represents VCE for current
flowing in the IGBT 210 (forward collector current IC). Waveform 430 represent VCE for
current flowing in a freewheeling diode coupled in parallel with the IGBT 210 (reverse collector
current IC).

[0037] The transition between the first turn off period corresponding to the IGBT Turn-Off
mode to the second turn off period corresponding to the Diode Recovery mode occurs at
transition time t2. The transition time t2 can correspond to a time when diode reverse recovery
begins to occur. For instance, in the example bridge circuit 200 depicted in FIG. 2, the
transition time t2 can occur when the other IGBT in the bridge circuit 200 is turned on. For
instance, if the freewheeling diode 215 is conducting, the transition time t2 can occur when the
second IGBT 220 is turned on. If the freewheeling diode 225 is conducting, the transition time
t2 can occur when the first IGBT 210 is turned on.

[0038] In one example embodiment, the active gate control circuit 310 can be configured to
transition between the first turn off period and the second turn off period at a predetermined
time. More particularly, the length of the IGBT Turn-Off mode period can be a fixed value
determined based on the longest turn-off time of the IGBT 210. The transition time t2 can be a
predetermined value based on the length of the IGBT Turn-Off mode period. The length of the
Diode Recovery mode period can also be a fixed value determined based on the longest
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period of reverse recovery of the freewheeling diode 215 coupled in parallel with the IGBT 210.

[0039] In other example embodiments, as shown in FIG. 3, the length of the first turn off period
corresponding to the IGBT Turn-Off mode and the length of the second turn off period
corresponding to the Diode Recovery mode can be determined based on monitored
parameters of the system. For example, the active gate control circuit 310 can be configured to
transition from the first turn off period to the second turn off period based at least in part on a
signal indicative of the other IGBT in the bridge circuit being turned on.

[0040] As another example, the length of the first turn off period and the length of the second
turn off period can be controlled by the active gate control circuit 310 based at least in part on
the collector current Ic of the IGBT 210. For instance, the active gate control circuit 310 can
monitor collector current IC using a suitable current sensor. The active gate control circuit 310
can be configured to apply a third voltage for at least a period while the collector current Ic is
non-zero. The active gate control circuit 310 can be configured to transition between the first
turn off period and the second turn off period based at least in part on the direction of the
collector current Ic (e.g. whether the collector current is positive or negative). The active gate
control circuit 310 can control the gate-emitter voltage of the IGBT 210 based on other suitable
monitored parameters, such as temperature, collector current, DC bus voltage, di/dt of
collector current, dv/dt of collector-emitter voltage, and other suitable implementations.

[0041] In yet another example, the transition between the third voltage and the fourth voltage
can occur at least in part as a result of a termination of a miller plateau current resulting from
completion of the turn off dv/dt of the IGBT 210. More particularly, during turn off of the IGBT
210. More particularly, a miller plateau current resulting from dv/dt of the IGBT 210 can be
extracted during turn off of the transistor during application of the third voltage. When the dv/dt
of the IGBT 210 is complete, the miller plateau voltage can no longer feed the gate of the IGBT
210, resulting in a transition to the fourth voltage. Where the miller Plateau voltage can accept
and source current near the gate threshold voltage, it can be used to in order to create the
third or fourth voltage.

[0042] FIG. 5 depicts a flow diagram of an example method (500) of gating an IGBT according
to an example embodiment of the present disclosure. At (502), the method includes applying a
first voltage to a gate of an IGBT. The first voltage can be sufficiently greater than a threshold
voltage for the IGBT so that the IGBT is fully on. At (504), a signal to turn of the IGBT can be
received. The signal can be received from a suitable control system and can be part of, for
instance, PWM commands used to control the switching of the IGBT. The signal can initiate
turn off of the IGBT where a second voltage is applied to the gate of the IGBT to turn off the
IGBT (512). The second voltage can be sufficiently less than the threshold voltage of the IGBT
such that the IGBT is fully off.

[0043] During turn off of the IGBT, the method can include applying a third voltage to the gate
of the IGBT for a first turn off period (506). The third voltage can be less than the first voltage
and greater than the second voltage. The third voltage can be sufficiently near the threshold
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voltage of the IGBT so that the IGBT acts as an effective snubber circuit for a diode coupled in
parallel with the IGBT. The third voltage can control dv/dt of the collector-emitter voltage and
di/dt of the collector current of the IGBT during turn off.

[0044] Subsequent to applying the third voltage, the method can include transitioning from a
first turn off period to a second turn off period (508). For example, the method can include
transitioning between the first turn off period to the second turn off period at a predetermined
time (e.g. determined based on fixed periods for the first turn off period and the second turn off
period). As another example, the method can include transitioning between the first turn off
period and the second turn off period when a second IGBT coupled in series with the IGBT is
turned on. As yet another example, the method can include transitioning between the first turn
off period to the second turn off period based on a collector current of the IGBT or based on
other monitored parameters, such as temperature, collector current, DC bus voltage, di/dt of
collector current, dv/dt of collector-emitter voltage, and other suitable

[0045] At (510), the method includes applying a fourth voltage to the gate of the IGBT for a
second turn off period. The second turn off period can correspond to a period of reverse
recovery of a freewheeling diode coupled in parallel with the IGBT. The fourth voltage can be
less than third voltage and greater than the second voltage. The fourth voltage can control
dv/dt of the collector-emitter voltage of the IGBT during diode reverse recovery. At (512), the
second voltage is applied to the gate of the IGBT to turn off the IGBT.

[0046] FIGS. 6 and 7 depict simulation results for an example gate drive circuit for an IGBT
according to an embodiment of the present disclosure. Waveform 610 depicts the voltage
applied by an example active gate control circuit to the gate of an IGBT. As shown, the active
gate control circuit can apply a voltage of about 15V when the IGBT is turned on, a voltage of
about 4V for the first turn off period, a voltage of about 1V for the second turn off period, and a
voltage of about -7V when the IGBT is turned off.

[0047] Waveform 620 of FIG. 6 depicts the collector-emitter voltage VCE associated with
forward flowing collector current (e.g. current in the IGBT) during turn off. Waveform 630 of
FIG. 6 depict collector current IC for forward flowing collector current. Waveform 640 of FIG. 7
depicts the collector-emitter voltage VCE associated with reverse flowing collector current (e.g.
current in freewheeling diode) during turn off. Waveform 650 of FIG. 7 depicts the collector
current IC for reverse flowing collector current. As demonstrated, the active gate control
transitions from the first turn off period where 4V is applied to a second turn off period where
1V is applied for diode reverse recovery when the collector current reaches about zero. The
collector-emitter voltage exhibits good dv/dt characteristics with no significant overvoltage
condition. The collector current IC also exhibits good di/dt characteristics during the first and
second turn off periods.

[0048] This written description uses examples to disclose the invention, including the preferred
mode, and also to enable any person skilled in the art to practice the invention, including
making and using any devices or systems and performing any incorporated methods. The
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patentable scope of the invention is defined by the claims, and may include other examples
that occur to those skilled in the art. Such other examples are intended to be within the scope
of the claims if they include structural elements that do not differ from the literal language of
the claims, or if they include equivalent structural elements with insubstantial differences from
the literal languages of the claims.
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KRAV

1. Gatedriverkredslgb (300) til p&fering af en gatespaending til en gate pd en transistor (210), hvor
gatedriverkredslgbet omfatter:

en gatemodstand (312);

et aktivt gatereguleringskredslgb (310), hvor det aktive gatereguleringskredslgb (310) er
konfigureret til at pafgre en fgrste spaending via gatemodstanden (312) til gaten p3
transistoren (210) for at teende transistoren, idet den farste spaending er stgrre end en
teerskelspaending for transistoren, og det aktive gatereguleringskredslgb er endvidere
konfigureret til at pafgre en anden spaending via gatemodstanden til gaten pa transistoren
(210) for at slukke transistoren, idet den anden spaending er mindre end teerskelspaendingen;

hvor:

under slukning af transistoren, fer pafgring af den anden speending, er det aktive
gatereguleringskredslgb (310) endvidere konfigureret til at pafere en tredje spaending
til gaten pé transistoren (210) i en farste slukkeperiode (506), idet den tredje spaending
er mindre end den farste spaending, men st@rre end den anden spaending, og det aktive
gatereguleringskredslgb (310) er endvidere konfigureret til at pdfere en fjerde
spaending til gaten pa transistoren (210) i en anden slukkeperiode (508), idet den fjerde
speending er mindre end den tredje spaending, men stgrre end den anden spaending;
kendetegnet ved at den anden slukkeperiode (508) svarer til en periode med
genindvinding af en diode (215) koblet i parallel med transistoren (210), og det aktive
gatereguleringskredslgb (310) modtager feedback af kollektorstrammen (I¢), kollektor-
emitter-spaendingen (Vce) og gate-emitter-spaendingen (Vae) pa transistoren (210).

2. Gatedriverkredslgb (300) ifglge krav 1, hvor gatedriverkredslgbet (310) endvidere omfatter et
passivt feedbackelement (320) koblet mellem en kollektor (214) pd transistoren (210) og gaten
(212) pa transistoren (210).

3. Gatedriverkredslgb (300) ifelge et hvilket som helst af de foregdende krav, hvor det passive
feedbackelement (320) omfatter en kondensator.

4. Gatedriverkredslgb (300) ifglge et hvilket som helst af de foregdende krav, hvor transistoren (210)
er en isoleret gate bipolaer transistor (IGBT).
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5. Gatedriverkredslgb (300) ifelge et hvilket som helst af de foregdende krav, hvor det aktive
gatereguleringskredslgb (310) er konfigureret til at ga fra den fgrste slukkeperiode (506) til den
anden slukkeperiode (508) pa et forudbestemt tidspunkt.

6. Gatedriverkredslgb (300) ifglge et hvilket som helst af de foregdende krav, hvor det aktive
gatereguleringskredslgb (310) er konfigureret til at ga fra den fgrste slukkeperiode (506) til den
anden slukkeperiode (508) baseret i det mindste delvist pd en eller flere af: temperatur,
kollektorstram, DC-busspaending, di/dt af kollektorstrammen, dv/dt af kollektor-emitter-
spaendingen.

7. Gatedriverkredslgb (300) ifglge et hvilket som helst af de foregdende krav, hvor overgangen
mellem den tredje spaending og den fijerde spaending sker i det mindste delvist som et resultat af
en afslutning af en Miller Plateau-strom, der stammer fra faerdigggrelse af dv/dt-slukket af

transistoren (210).

8. Brokredslgb (200) anvendt i en effektomformer til et kraftsystem, idet brokredslgbet omfatter:

en fagrste transistor (210) med en gate, en kollektor og en emitter;

en anden transistor (220) koblet i serie med den farste transistor;

en diode (215) koblet parallelt med den fgrste transistor;

et gatedriverskredslgb (300) som defineret i et hvilket som helst af de foregdende krav,
konfigureret til at pafgre en spaending pd gaten pa den fgrste transistor (210).

9. Fremgangsmé&de (500) til gating af en isoleret gate bipoleer transistor, IGBT, (210) anvendt i en
effektomformer i et vinddrevet kraftproduktionssystem, hvilken fremgangsmade omfatter:

pafering (502) af en ferste spaending via en gatemodstand (312) til en gate pd IGBT’en (210)
for at teende transistoren, idet den fgrste spaending er stgrre end en teerskelspaending for
IGBT'en;

modtagelse af (504) et slukkesignal til slukning af IGBT en;

pafgring, efter modtagelse af slukkesignalet, af en anden spaending via gatemodstanden (312)
til gaten pd IGBT'en for at slukke IGBT’en, idet den anden speending er mindre end
teerskelspaendingen; hvor

fremgangsmaden endvidere omfatter, under slukning af IGBT’en (210) og inden péfgring af
den anden spaending, pafgring af to eller flere mellemspaendinger taet pa teerskelspsendingen
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for at styre IGBT'en (210) pd en smdsignalmdde, idet pafgringen af de to eller flere
mellemspandinger omfatter:

pafgring (506) af en tredje speending til gaten pa IGBT'en (210) i en farste
slukkeperiode, idet den tredje spaending er mindre end den fgrste spaending, men
stgrre end den anden spaending; og

pafgring (510) af en fjerde spaending til gaten pd IGBT’en i en anden slukkeperiode
efter den fgrste slukkeperiode, hvor den fjerde spaending er mindre end den tredje
spaending, men stgrre end den anden spaending;

kendetegnet ved at den anden slukkeperiode (508) svarer til et tidsrum med
genindvinding i en diode (215) koblet i parallel med IGBT’en (210).

10. Fremgangsmade (500) ifglge krav 9, hvor de to eller flere mellemspeaendinger péfares for at styre
hastigheden af aendringen af kollektor-emitter-spaendingen pd IGBT’en (210) under slukning.

11. Fremgangsmade (500) ifglge krav 9 eller 10, hvor de to eller flere mellemspaendinger pafares
for at styre hastigheden af aendringen af kollektorstrammen i IGBT'en (210) under slukning.
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