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(57) Abstract: A switching apparatus includes a first tran-
sistor (102), a second transistor (104), a first circuit mod-
ule (120), a first current sensor (126) and a control circuit
(130). The first transistor (102) includes first, second and
third terminals (112, 116, 106). The first terminal (112) of
the first transistor (102) is coupled to a first power terminal
(150). The third terminal (106) of the first transistor (102)
includes a gate or base of the first transistor. The second
transistor (104) includes first, second and third terminals
(114, 118, 108). The first terminal (114) of the second
transistor (104) is coupled to a second power terminal
(152). The second terminal (118) of the second transistor
(104) is coupled to the second terminal (116) of the first
transistor (102). The third terminal (108) of the second
transistor (104) includes a gate or base of the second tran-
sistor. The first circuit module (120) includes an inductor
(122) in parallel with a diode (124). The first circuit mod-
ule (120) is connected between the first terminal (114) of
the second transistor and the second power terminal (152).
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METHOD AND SYSTEM FOR SHOOT-THROUGH PROTECTION

FIELD OF THE INVENTION

[0001] The invention relates generally to protecting circuit components against shoot-through
current, and to apparatuses for and methods of protecting circuit components against shoot-

through current.

BACKGROUND OF THE INVENTION

[0002] A two-switch circuit topology typically includes a pair of switching devices that are
alternately operated. For example, a power inverter can include one or more branches
coupled to a DC power source. Each branch can include a pair of switching devices that are
alternately operated to connect the junction between the devices to the voltage of the power
source, thereby producing an alternating output. Shoot-through currents can occur if both
switching devices are turned on at the same time, which can damage and/or short circuit

components of the circuit and degrade the output waveform.

[0003] One method for minimizing shoot-thorough phenomenon involves the use of an
interlock circuit to prevent both switching devices from being on simultaneously. Interlock
circuits typically regulate switching based on a signal sensed from one of the inputs to the
switching devices. For example, FIG. 1 illustrates a shoot-through protection circuit diagram
using an upper interlock circuit, which is configured to turn off the lower gate driver if a
signal sensed at the gate/base of the upper switching device exceeds a certain threshold.
However, interlock circuits do not consider noise factors that can exist in real-world

applications such as when noise is coupled into the gate of the switching devices.

[0004] Another method for shoot-thorough protection involves the use of an anti-saturation

circuit, which controls the switching device based on the measured voltage across the
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switching device. FIG. 2 illustrates a shoot-through protection circuit diagram using anti-
saturation circuits. Each anti-saturation circuit monitors the voltage on an output terminal of
a switching device — such as the drain-source terminals of a field-effect transistor (FET) or
the collector-emitter terminals of a bipolar junction transistor (BJT). If the measured voltage
indicates that the switching devices is entering or operating in an active or linear condition,
then the anti-saturation circuit can adjust the respective driver of the gate/base to turn the
switching device off. However, anti-saturation circuits can prematurely turn off the

switching device due to its sensitivity.

SUMMARY OF THE INVENTION

[0005] Shoot-through current can occur when more than one switching device is turned on.
Known shoot-through protection circuits include interlock protection circuits and anti-
saturation protection circuits. However, interlock and anti-saturation designs are generally
not reliable because they either do not account for noise factors in the environment or are too

sensitive to changes in the environment resulting in premature shutdowns.

[0006] The invention features methods and circuits for protecting circuit components against
shoot-through current. Any of the particular embodiments described below can realize one or
more of the following advantages. Switching devices can be reliably shutdown even in the
presence of noise. The risk of premature shutdowns of the switching devices can also be
minimized. Active sensing can provide a more accurate approach to controlling switching
than using current measured from the gate/base terminal of a transistor. In addition, the rate

| of increase in a shoot-through current can be delayed to provide sufficient time for
appropriate feedback is processed to accurately detect the shoot-through current and enact

appropriate protection measures in response to the detection.
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[0007] In one aspect, a switching apparatus is provided. The switching apparatus includes a
first transistor, a second transistor, a first circuit module, a first current sensor, and a control
circuit. The first transistor of the switching apparatus includes first, second and third
terminals. The first terminal of the first transistor is coupled to a first power terminal. The
third terminal of the first transistor includes a gate or base of the first transistor. The second
transistor of the switching apparatus includes first, second and third terminals. The first
terminal of the second transistor is coupled to a second power terminal. The second terminal
of the second transistor is coupled to the second terminal of the first transistor. The third
terminal of the second transistor includes a gate or base of the second transistor. The first
circuit module of the switching apparatus includes an inductor in parallel with a diode. The
first circuit module is connected between the first terminal of the second transistor and the
second power terminal. In addition, the first current sensor is coupled to the first circuit
module or the first terminal of the second transistor. Furthermore, the control circuit is
coupled to the third terminal of the first or second transistors. The control circuit includes a
feedback circuit for turning off at least one of the first or second transistors based on a signal

from the first current sensor.

[0008] In some embodiments, the switching apparatus further includes a second circuit
module having an inductor in parallel with a diode, the second circuit module connected
between the first terminal of the first transistor and the first power terminal. In some
embodiments, a second current sensor is coupled to the second circuit module or the first
terminal of the first transistor. The feedback circuit can be adapted to turn off at least one of

the first or second transistors further based on a signal from the second current sensor.

[0009] In some embodiments, the first power terminal is connected to a positive voltage
power source and the second power terminal is connected to a negative voltage power source.

In this configuration, a cathode of the diode in the first circuit module can be connected to the
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first terminal of the second transistor and the anode of the diode in the first circuit module

can connected to the second power terminal.

[0010] In some embodiments, the first power terminal is connected to a negative voltage

power source and the second power terminal is connected to a positive voltage power source.

[0011] In some embodiments, the switching apparatus is included in a half-bridge circuit. In

some embodiments, the switching apparatus is included in a full-bridge circuit.

[0012] In another aspect, a switching apparatus is provided. The switching apparatus can be
included in a push-pull circuit. The switching apparatus includes a first circuit module, a first
transistor, a second transistor, a current sensor, and a control circuit. The first circuit module
of the switching apparatus includes an inductor in parallel with a diode. A first terminal of
the first circuit module is coupled to a first power terminal. The first transistor of the
switching apparatus includes first, second and third terminals. The first terminal of the first
transistor is coupled to a second terminal of the first circuit module. The second terminal of
the first transistor is coupled to a second power terminal. The third terminal of the first
transistor includes a gate or base of the first transistor. The second transistor of the switching
circuit includes first, second and third terminals. The first terminal of the second transistor is
coupled to the second terminal of the first circuit module. The second terminal of the second
transistor is coupled to the second power terminal. The third terminal of the second transistor
includes a gate or base of the second transistor. In addition, the current sensor is coupled to
the first circuit module. Furthermore, the control circuit is coupled to the third terminal of the
first or second transistors. The control circuit includes a feedback circuit for turning off at

least one of the first or second transistors based on a signal from the current sensor.

[0013] In other examples, any of the aspects above can include one or more of the following

features. The first transistor can include a diode connected between the first and second
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terminals of the first transistor. The diode of the first transistor can be anti-parallel in polarity
with the first transistor. The second transistor can include a diode connected between the first
and second terminals of the second transistor. The diode of the second transistor can be anti-

parallel in polarity with the second transistor.
[0014] In some embodiments, the diode in the first circuit module is a silicon-carbide diode.

[0015] In some embodiments, a gate or base voltage sensor is coupled to the third terminal of
the first transistor and an interlock circuit is connected between the gate or base voltage
sensor and the third terminal of the second transistor. The interlock circuit is adapted to turn

off the second transistor based on a signal from the gate or base voltage sensor.

[0016] In some embodiments, the feedback circuit is configured to turn off at least one of the
first or second transistors when the current sensed by the first current sensor is above a

predetermined threshold for a predetermined period of time.

[0017] In some embodiments, the control circuit of the switching apparatus is a digital
circuit. In some embodiments, the control circuit is an analog circuit. The control circuit can
include a comparator for comparing the signal from the first current sensor to a reference
signal. The feedback circuit is adapted to turn off at least one of the first or second transistors

based on an output signal of the comparator.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The advantages of the invention described above, together with further advantages,
will be better understood by referring to the following description taken in conjunction with
the accompanying drawings. The drawings are not necessarily to scale, emphasis instead

generally being placed upon illustrating the principles of the invention.
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[0019] FIG. 1 illustrates a circuit diagram of an exemplary implementation of an interlocking

circuit.

[0020] FIG. 2 illustrates a circuit diagram of an exemplary implementation of an anti-

saturation circuit.

[0021] FIG. 3 illustrates a circuit diagram of a shoot-through protection circuit according to

some embodiments.

[0022] FIGS. 4A-4F illustrate the normal operating conditions of the shoot-through

protection circuit of FIG. 3.

[0023] FIGS. 5A-B illustrate the shoot-through condition and the condition after a shoot-

through event of the shoot-through protection circuit of FIG. 3.

[0024] FIG. 6 illustrates a timing diagram for operating the shoot-through protection circuit

of FIG. 3.

[0025] FIGS. 7A-B illustrate exemplary digital and analog control circuits of the shoot-

through protection circuit.

[0026] FIG. 8 illustrates an exemplary interlocking circuit of the shoot-through protection

circuit.

[0027] FIG. 9 illustrates a half-bridge circuit topology including the shoot-through protection

circuit according to some embodiments.

[0028] FIGS. 10A-B illustrate full-bridge circuit topologies including the shoot-through

protection circuit according to some embodiments.

[0029] FIG. 11 illustrates a push-pull circuit topology including the shoot-through protection

circuit according to some embodiments.
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DETAILED DESCRIPTION

[0030] The invention features methods and systems for shoot-through protection. FIG. 3
illustrates a circuit diagram of a shoot-through protection circuit 100 according to some
embodiments. The protection circuit 100 includes an upper transistor 102, a lower transistor
104, a control circuit 130, and delay modules 120 and 160. The transistors 102 and 104 can

be, for example, bipolar junction transistors (BJTs) and/or field-effect transistors (FETSs).

[0031] The upper transistor 102 includes a gate/base terminal 106, a collector/drain terminal
112, and an emitter/source terminal 116. The lower transistor 104 includes a gate/base
terminal 108, a collector/drain terminal 118 and a source/emitter terminal 114. Both
transistors 102 and 104 can be in parallel with diodes 103 and 105. The collector/drain
terminal 112 of the upper transistor 102 is coupled to a positive terminal 150 of a DC power
supply (not shown) via the upper delay module 160. The emitter/source terminal 114 of the
lower transistor 104 is coupled to a negative terminal 152 of the power supply (not shown)
via the lower delay module 120. The source/emitter terminal 116 of the upper transistor 102
is coupled to the collector/drain terminal 118 of the lower transistor 104 to form a junction
110 therebetween. In normal operation, the upper and lower transistors 102 and 104 are
alternately activated to couple the junction 110 to either a positive voltage +BUS at the

positive terminal 150 or a negative voltage —-BUS at the negative terminal 152.

[0032] The delay module 120 includes an inductor 122 in parallel with a diode 124. The
cathode of the diode 124 is coupled to the emitter/source terminal 114 of the lower transistor
104 and the anode of the diode 124 is coupled to the negative terminal 152. In some
embodiments, the delay module 120 additionally includes a current and/or voltage sensor
126. The delay module 160 includes an inductor 162 in parallel with a diode 164. The
cathode of the diode 164 is coupled to the positive terminal 150 and the anode of the diode

164 is coupled to the collector/drain terminal 112 of the upper transistor 102. In some
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embodiments, the delay module 160 additionally includes a current and/or voltage sensor
166. In some embodiments, diodes 124 and/or 164 are silicon-carbide diodes, which
advantageously, due to their high thermal conductivity, mitigate current spikes caused by

reverse leakage current generated by, for example, the body diode 103 and/or 105.

[0033] Due to the voltage-current relationship of inductors, the inductors 122 and/or 162
prevent rapid increases in current. Accordingly, delay modules 120 and 160 can act to
decrease the rate of any increase in a shoot-through current 128. Delaying the rate of
increase in the shoot-through current 128 can advantageously provide sufficient time for the
control circuit 130 to accurately detect the shoot-through current 128 and enact appropriate

protection measures in response to the detection.

[0034] While FIG. 3 illustrates that the circuit 100 includes two delay modules (the lower
delay module 120 and the upper delay module 160), other configurations can also be used.
For example, in some embodiments, the circuit 100 includes only one of the delay modules
120 or 160 to provide shoot-through protection. In supplemental or alternative embodiments,
the circuit 100 can also include a delay module positioned at junction 110 between the two

transistors 102 and 104.

[0035] FIG. 3 also illustrates that delay modules 120 and 160 include, respectively, current
and/or voltage sensors 126 and 166 at the anode of diodes 124 and 164. However, other
configurations can also be used. Generally, current and/or voltage sensors can be positioned
anywhere along a current path between the power terminals 150 and 152. For example, in
alternative or supplemental embodiments, one or more current and/or voltage sensors can be
positioned at the cathode of diodes 124 and/or 164, and/or can be positioned between the

transistors 102 and 104.
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[0036] The control circuit 130 includes a control module 132, a lower gate/base driver 134,
an upper gate/base driver 136, and upper/lower interlocking circuits 138 and 140. The
control circuit 130 can implement safety measure(s), such as disabling one or both of the
transistors 102 and 104, if one or more of the voltage and/or current signals (e.g., from
sensors 126 and/or 166) satisfies a predetermined criterion (e.g., exceeds a threshold level for
a certain number of clock cycles). By turning off one or both of the transistors 102 and/or
104, the control module 132 advantageously can prevent damage to the circuit 100 due to

shoot-through phenomenon.

[0037] In some embodiments, the control module 132 disables the lower transistor 104 by
interacting with the lower gate/base driver 134 to shut off the voltage supplied to the
gate/base terminal 108 of the lower transistor 104. In supplemental or alternative
embodiments, the control module 132 disables the upper transistor 102 by interacting with
the upper gate/base driver 136 to shut off the voltage supplied to the gate/base terminal 106.
The control module 132 thus can provide shoot-through protection by actively sensing
current through the collector/drain terminal or the emitter/source terminal of a switching
transistor. Such active sensing can advantageously provide a more accurate approach to
controlling switching than using current measured from the gate/base terminal of a transistor

because the measured signal is less susceptible to noise and other environmental factors.

[0038] In some embodiments, in addition to the active shoot-through protection provided by
the control module 132, one or more interlocking circuits 138 and 140 can be used to provide
additional measures of protection against shoot-through current 128. For example, a lower
interlocking circuit 138 operates by detecting current and/or voltage signals supplied by the
lower gate/base driver 134 to the gate/base terminal 108 of the lower transistor 104. If the
detected signal satisfies a predetermined criterion (e.g., is greater than a threshold level,

which can indicate that the lower transistor 104 is turned on), then the lower interlocking
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circuit 138 can interact with the upper gate/base driver 136 to turn off the voltage supplied to
the upper transistor 102, thus ensuring that the transistors 102 and 104 are both not
simultaneously turned on. In a similar fashion, an upper interlocking circuit 140 operates by
detecting current and/or voltage signals supplied by the upper gate/base driver 136 to the
gate/base terminal 106 of the upper transistor 102. If the detected signal satisfies a
predetermined criterion (e.g., is greater than a threshold level, which indicates that the upper
transistor 102 is turned on), then the upper interlocking circuit 140 interacts with the lower

gate/base driver 134 to turn off the lower transistor 104.

[0039] FIGS. 4A-4F illustrate the normal operating conditions 200a-200f (e.g., in the absence
of shoot-through phenomenon) of the shoot-through protection circuit 100 of FIG. 3. The
portions of the diagrams highlighted by thick lines indicate active components. For purposes
of illustration, normal operating conditions 200a-200f assume that a load 203, which includes
an inductor 202 in series with a resistor 204, is connected to the junction 110. However,
other load configurations are possible (e.g., any load with arbitrary impedance or
combination of resistor elements, capacitor elements, inductor elements or any combination

thereof). .

[0040] The upper switching module 210 includes upper transistor 102 in parallel with a body
diode 103. The cathode of the body diode 103 is coupled to the drain of the upper transistor
102 and the anode of the body diode 103 is coupled to the source of the upper transistor 102
such that the body diode 103 is anti-parallel in polarity with the upper transistor 102.
Similarly, the lower switching module 224 includes lower transistor 104 in parallel with a
body diode 105. The cathode of the body diode 105 is coupled to the drain of the lower
transistor 104 and the anode of the body diode 105 is coupled to the source of the lower
transistor 104 such that the body diode 105 is anti-parallel in polarity with the lower

transistor 104.

10
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[0041] In operating condition 200a (e.g., at an intermediate time period), a current flow 234
occurs while the upper transistor 102 is turned on and the lower transistor 104 is turn off.
Since the voltage potential on the right side of the load 203 is lower than the voltage +BUS at
the positive terminal 150, the current 234 flows towards the right side of the load 203 through
the inductor 162 of the upper delay module 160 and the upper transistor 102 of the upper

switching module 210.

[0042] Between operating conditions 200a and 200b, the upper transistor 102 is turned off
while the lower transistor 104 remains turned off. As shown, a current 236 flows towards the
right side of the load 203 via the diode 124 of the lower delay module 120 and the body diode
105 of the lower switching module 224. The current 238 within the upper delay module 160

freewheels through the diode 164.

[0043] Between operating conditions 200b and 200c, the lower transistor 104 is turned on
when its collector/drain-to-emitter/source voltage across is at or about zero while the upper
transistor 102 remains off. A current 240 flows towards the right side of the load 203 through
the inductor 122 of the lower delay module 120 and the lower transistor 104 of the lower
switching module 224. The current 242 within the upper delay module 160 freewheels

through the diode 164.

[0044] Between operating conditions 200c and 200d, the upper transistor 102 remains turned
off and the lower transistor 224 remains turned on. However, the current through the load
203 reverses direction. The current 244 flows toward the left side of the load 203 and travels
through the lower transistor 104 of the lower switching module 224 and the inductor 122 of

the lower delay module 120.

[0045] Between operating conditions 200d and 200e, the lower transistor 104 is turned off

while the upper transistor 102 remains turned off. As shown, the current 246 flows toward

11
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the left side of the load 203 via the body diode 103 of the upper switching module 210 and
the diode 164 of the upper delay module 160. The current 248 within the lower delay module

120 freewheels through the diode 124.

[0046] Between operating conditions 200e and 200f, the upper transistor 102 is turned on
when its collector/drain-to-emitter/source voltage across is at or about zero voltage while the
lower transistor 104 remains turned off. A current 250 flows toward the left side of the load
203 and travels through the upper transistor 102 of the upper switching module 210 and the
inductor 162 of the upper delay module 160. The current 252 within the lower delay module

120 freewheels through the diode 124.

[0047] Between operating conditions 200f and 200a, the upper transistor 102 remains turned
on and the lower transistor 104 remains turned off. However, the current through the load

203 reverses direction.

[0048] FIGS. 5A-B illustrate the shoot-through condition 900a and the condition 900b after a
shoot-through event of the shoot-through protection circuit 100 of FIG. 3. As shown in FIG.
5A, condition 900a illustrates the presence of shoot-through current 254. In condition 900a,
the shoot-through current 254 can occur when both the upper transistor 102 and the lower
transistor 104 are on simultaneously, thus substantially increasing the current passing through
each transistor 102 and 104. In addition, a load current 258 can further superimpose on the

shoot-through current 254.

[0049] The shoot-through current 254 can be expressed as:

(Vﬂ__&ﬁn (Equation 1)
(Ly +Lg)

ishaol _through (t) =

where ¢ represents time, i represents the shoot-through current 254, V.

+bus

shoot _through represents

the voltage potential at the positive terminal 150, V_, . represents the voltage potential at the

bus

12
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negative terminal 152, L, represents the inductance of the inductor 162 in the upper delay

module 160 and L, represents the inductance of the inductor 122 in the lower delay module

120.

[0050] The current i,, flowing through the upper transistor 102 can be expressed as:

(V+bus B V—bus) o

iQT (t) = (.L T L ) t _lshoot_rhraugh (t) (Equaﬁon 2)
T B

In addition, the current flowing through the lower transistor 104 can be expressed as:

(V+bus - V—bus)

o= )

I+ iLoad =ishoot_lhraugh (Z) + ilaad (Equatlon 3)

where i, represents the load current 258.

[0051] As expressed by Equations 1-3, the rate at which the shoot-through current 254

(Zghoor_arougn) iNCTEASES is dependent on the inductance value (L) of the inductor 122 and the

inductance value ( L, ) of the inductor 162. By appropriately selecting the inductance of
inductors 122 and 162, the increase in the shoot-through current 254 can be delayed.
Moreover, with the introduced delay, the control circuit 130 can have sufficient time to
accurately detect the shoot-through current 254 and execute appropriate protection measures,

such as safely deactivate one or both of the transistors 102 and 104.

[0052] FIG. 5B illustrates the condition 900b after the occurrence of a shoot-through
phenomenon is detected, such as after the shoot-through condition 900a illustrated in FIG.
5A. For example, after the shoot-through condition 900a is detected by the shoot-through
protection circuit 100 of FIG. 3, the circuit 100 can turn off at least one or both of the upper
transistor 102 and the lower transistor 104. For purposes of illustration, in condition 900b,

both the upper transistor 102 and the lower transistor 104 are turned off. This causes the load

13
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current 260 to freewheel toward the left side of the load 203 and travel upward through the
body diode 103 of the upper switching module 210 and the upper delay module 160. Such
upward movement of the current is caused by the orientation of the body diode 105 of the
lower switching module 224 which prohibits downward current flow. In addition, the
current 262 in the lower delay module 120 freewheels through the diode 124. The current

264 in the upper delay module 160 freewheels through the diode 164.

[0053] FIG. 6 illustrates a timing diagram 300 for operating the shoot-through protection
circuit 100 of FIG. 3. The timing diagram 300 shows the waveforms of a clock signal 302,
the gate/base voltage/current 304 of the lower transistor 104, the gate/base voltage/current
306 of the upper transistor 102, the output signal 308 of the lower sensor 126, the output
signal 310 of the upper sensor 166, and an enable signal 312 of the control module 132. In
some embodiments, the gate/base voltage/current 304 of the lower transistor 104 is measured
at the gate/base terminal 108. In some embodiments, the gate/base current 306 of the upper
transistor 102 is Iﬁeasured at the gate/base terminal 106. In the example illustrated in timing
diagram 300, the period of time measurement, as described below, is three clock cycles.
However, the number of cycles used can be adjustable. In some embodiments, the control
module 132 senses the output current 308 or the output current 310 when the clock signal 302
is high.

[0054] In some embodiments, the control module 132 compares the output signals 308 and/or
310 to a predetermined threshold value. The enable signal 312 can be used to turn on or off
at least one or both of the upper transistor 102 and the lower transistor 104. During normal
operation, the enable signal 312 remains high. However, if the control module 132 senses
that the output signals 308 and/or 310 continuously (or on average) exceed the threshold
value for a given number of clock cycles, then the enable signal 312 will switch to logic low,

thus turning off the power stage. In some embodiments, the control module 132 can trigger

14
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the enable signal 312 to logic low, thus shutting down one or both of the upper gate/base

driver 136 and the lower gate/base driver 134, which in turn deactivates the upper transistor
102 and/or the lower transistor 104, respectively. The logic levels for enable signal 312 that
result in turning off the power stage is a design choice. Accordingly, in some embodiments,

a logic high of enable signal 312 can turn the power stage off.

[0055] For example, as shown in the timing diagram 300, during the interval to to t, the
upper transistor 102 and the lower transistor 104 operate normally because the output signal
308 of the lower transistor 104 does not exceed the threshold value 314, thus indicating that
there is no shoot-through current to warrant a shutdown. However, during the interval t; to t3,
the lower transistor 104 and the upper transistor 112 may be on simultaneously resulting in
the output signal 308 (e.g., representative of the current magnitude) increasing above the
threshold value 314 during that time period. Yet, the enable signal 314 causes the control
module 132 to ignore the spike in the output signal 308 because the output signal 308 exceeds
the threshold value 314 for only one clock cycle, less than the requirement of three
consecutive clock cycles for the control module 132 to trigger any precautionary measures.

In contrast, from t4 to ts, because the output signal 308 exceeds the threshold value 314 for at
least three clock cycles, the control module 132 can output the enable signal 312 to logic low
and thus turn off the upper and lower gate/base drivers 134, 136. This is represented by the
enable signal 312 transitioning from a logic high to a logic low at ts. For example, when a
shoot-through conditions occur at t4, at least one the inductor 166 of the upper delay module
160 or the inductor 122 of the lower delay module 120 slows down the rise of the shoot-
through current until the shoot-through event is detected at ts, at which point the enable signal
312 transitions to a logic low to turn off the upper and lower gate/base drivers 134, 136.
Hence, the duration from t, to ts represents the amount of time the shoot-through circuit 100

takes to detect and respond to a shoot-through phenomenon. After the enable signal 132
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turns off the upper and lower gate/base drivers 134 and 136, the gate/base voltage/current
304, the gate/base voltage/current 306, the output signal 308, and the output signal 310 fall to

zero from ts and thereafter.

[0056] While the timing diagram 300 shows that the control module 132 determines whether
shoot-through protection is needed based on the output signal 308 of the lower transistor 104,
the control module 132 can also make such determination based on the output signal 310 of
the upper transistor 102. In addition, instead of turning off both the upper and lower
gate/base drivers 134 and 136 in response to shoot-through conditions, the control module
132 can shut off one of the gate/base drivers. In the example illustrated in the timing diagram
300, the period of time measurement is three consecutive clock cycles. However, the number
of consecutive clock cycles is programmable and can be proportional on the amount of

current of the transistors 102 and 104 can handle.

[0057] FIGS. 7A-B illustrate exemplary digital and analog control circuits of the shoot-
through protection circuit 100. FIG. 7A shows an exemplary implementation of the control
module 132 in digital circuitry 400. Control circuit 400 includes a full-wave rectifier 402, a
peak-wave detector 404, a comparator 406, a digital counter and state machine 408, a crystal

oscillator 410, optical isolators 412 and 414, and a buffer 416.

[0058] The full-wave rectifier 402 converts the negative half wave of an alternating input
current 422 into a positive half-wave signal. The peak-wave detector 404 detects a peak level
of the positive half-wave signal which is then compared to a reference threshold current 424
by the comparator 406. In some embodiments, the comparator 406 is a high-speed
comparator. The digital counter and state machine 408 can take as an input the output of the
comparator 406 that indicates whether the output of the peak-wave detector 404 is above the
threshold current 424. The digital counter and state machine 408 also can take as an input a

clock signal 428 generated by the crystal oscillator 410, an enable signal 426, a reset signal
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428 (via, for example, the optical isolator 412), and/or a feedback signal 430. The enable
signal 426 and the reset signal 428 can be generated by one or more outside components,
such as by a main controller (not shown). The optical isélator 412 can be configured to
isolate the shoot-through protection circuit 100 from outside circuit components and also
prevent high voltages from being coupled into outside circuit components under abnormal

circumstances.

[0059] In operation, the digital counter and state machine 408 can allow the control circuit
132 to ignore any occurrences where the peak current from the peak-wave detector 404 is
lower than the reference threshold current 424 or where the peak current is above the
threshold current 424 for less than a given number of consecutive cycles of the clock signal
428. However, if the peak current is equal to or above the threshold current 424 for a certain
number of consecutive clock cycles, this can be used to signify a shoot-through event. In
response, the digital counter and state machine 408 can be used, with the enable signal 426,
to turn off at least one or both of the upper transistor 102 or the lower transistor 104. In some
embodiments, after a shoot-through fault is detected, an outside component, such as the main
controller, can trigger the reset signal 428, prompting the digital counter and state machine
408 to clear the shoot-through fault. In response to the reset signal 428, the digital counter
and state machine 408 can interact with the enable signal 426 to turn on one of the upper

transistor 102 or the lower transistor 104 after a shoot-through event.

[0060] In some embodiments, an output signal 432 of the digital counter and state machine
408 includes instructions to turn on or off the upper transistor 102 and/or the lower transistor
104. The output signal 432 can be provided to the buffer 416 for amplification. The buffer
416, in turn, can then supply an amplified output 434 to the upper gate/base driver 136 and/or
the lower gate/base driver 134 to control the activation or deactivation of the respective

transistors 102, 104,
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[0061] In some embodiments, if a shoot-through fault is detected by the digital counter and
state machine 408 leading to the deactivation of at least one of the transistors 102 and/or 104,
the buffer 416 sends a signal to an outside circuit component, such as to the main controller,
via the optical isolator 414. The “over current fault” signal can be used to notify outside
circuit component(s) of the shoot-through fault. The optical isolator 414 can provide a

similar isolation function as the optical isolator 412.

[0062] FIG. 7B shows an exemplary implementation of the control module 132 in analog
circuitry 450. Control circuit 450 includes a full-wave rectifier 452, a peak-current detector
454, a low-pass filter 456, a comparator 458, a latch 460, optical isolators 462 and 464, and a

buffer 466.

[0063] The full-wave rectifier 452 and the peak-current detector 454 of the analog circuit 450
operate on the input current 472 in a similar fashion as the corresponding devices 402 and
404 in the digital circuit 400. The low-pass filter 456 attenuates the high-frequency
component of the output signal of the peak-level detector 454. The resulting waveform is
compared to a reference threshold current 474 by the comparator 458. The latch 460 can take
as an input the output of the comparator 458 which indicates whether the output of the low-
pass filter 456 is above the reference threshold current 474. The latch 460 also can take as
inputs an enable signal 476 and/or a reset signal 478 via, for example, the optical isolator
462. In some embodiments, the enable signal 476, the reset signal 478 and the optical
isolator 462 operate in a similar fashion as their counterparts 426, 428 and 412, respectively,

of the digital circuit 400.

[0064] In operation, the latch 460 can operate in a similar fashion as the digital counter and
state machine 408 of the digital circuit 400. In some embodiments, if the current from the
low-pass filter 456 is equal to or above the threshold current 474 for a certain number of

consecutive clock cycles, this can be used to signify a shoot-through event. In response, the

18



WO 2012/158427 PCT/US2012/037089

latch 460, using enable signal 476, can turn off at least one or both of the upper transistor 102
and the lower transistor 104. In some embodiments, after the latch 460 shuts down one or
both of the transistors 102, 104 during a shoot-through event, the latch remains inactive or
deactivated until another circuit component, such as the main controller, prompts further
actions from the latch 460 by activating, for example, the reset signal 478 to prompt the latch
460 to clear the shoot-through fault. In response to the reset signal 478, the latch 460 can
interact with the enable signal 476 to turn on one of the upper transistor 102 or the lower

transistor 104.

[0065] In some embodiments, the buffer 466 operates similarly as the buffer 416 of the
digital circuit 400. For example, the buffer 466 can amplify the output of the latch 460 and
supply the amplified output to the upper gate/base driver 136 and/or the lower gate/base
driver 134 to control the activatipn or deactivation of the respective transistors 102, 104. The
buffer 466 can also send a signal to an outside circuit component, such as to the main
controller, via the optical isolator 414 to notify the outside circuit component of a shoot-

through fault.

[0066] FIG. 8 illustrates an exemplary interlocking circuit 500 of the shoot-through
protection circuit 100. The circuit 500 includes two transformers 502, 504. The transformer
502 includes a primary winding 506 coupled to two secondary windings 508a, 508b. Each of
the secondary windings 508a and 508b can have a different polarity. When the primary
winding 506 receives two command signals, one of which may be a reference signal such as
ground, one of the secondary windings 508a, 508b is adapted to be in phase with the signals
while the other is out of phase with the signals. This can be used to insure that the gate/base
driver connected to one of the secondary windings 508a, 508b is turned on while the
gate/base driver connected to the other is turned off. In some embodiments, the transformer

504 is used to force the upper secondary winding 508a to have about the same potential as the
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lower secondary winding 508b so as to eliminate the high dV/dt common mode problem. In
some embodiments, the transformer 504 is connected to the lower secondary winding 508b
and can be used to force the lower secondary winding 508a to maintain about the same

potential as the upper secondary winding 508a.

[0067] FIG. 9 illustrates a half-bridge circuit topology 600 including the shoot-through
protection circuit 100 according to some embodiments. The half-bridge circuit 600 can
include one or both of the upper delay module 602 and the lower delay module 604 for
delaying the rate of increase of a shoot-through current. In addition, the current sensed by the
detector 606 of the upper delay module 602 and/or by the detector 608 of the lower delay
module 604 can be used by the control circuit 130 (not shown) to accurately determine
whether shoot-through protection is required, such as deactivating one or both of the

transistors 610, 612 to ensure that they are not turned on simultaneously.

[0068] FIGS. 10A-B illustrate full-bridge circuit topologies including the shoot-through
protection circuit 100 according to some embodiments. In FIG. 10A, the full-bridge circuit
700 includes a first switching branch 702 in parallel with a second switching branch 708. As
shown, the first switching branch 702 includes an upper delay médule 704 and a lower delay
module 706. Similarly, the second switching branch 708 includes an upper delay module 710
and a lower delay module 712. In some embodiments, the first switching branch 702
includes either one of the upper delay module 704 or the lower delay module 706 for
providing shoot-through current delay. In some embodiments, the second switching branch
708 includes either one of the upper delay module 710 or the lower delay module 712 for
providing shoot-through current delay. In addition, the current sensed by the detector 714 of
the upper delay module 704, by the detector 716 of the lower delay module 706, by the
detector 718 of the upper delay module 710 and/or by the detector 720 of the lower delay

module 712 can be used by the control circuit 130 (not shown) to accurately determine
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whether shoot-through protection is required. Exemplary protection measures include
turning off all four transistors 722, 724, 726 and 728, a pair of the transistors 722, 728 or a

pair of the transistors 724, 726.

[0069] FIG. 10B illustrates another exemplary implementation of a full-bridge topology 750
including the shoot-through protection circuit 100. The full-bridge circuit 750 includes a first
switching branch 752 in parallel with a second switching branch 754. A delay module 758 is
connected in series between the pair of switching branches 752,754 and a positive terminal of
an input voltage supply 760. The delay module 758 includes a diode 770 in parallel with an
inductor 772, where the cathode of the diode 770 is coupled to the positive terminal of the
power supply 760 and the anode of the diode 770 is coupled to the pair of the switching
branches 752, 754. In addition, the current sensed by the detector 762 of the delay module
758 can be used by the control circuit 130 (not shown) to accurately determine whether
shoot-through protection is required, such as turning off all four transistors 764, 766, 768 and

770, a pair of the transistors 764, 770 or a pair of the transistors 766, 768.

[0070] FIG. 11 illustrates a push-pull circuit topology 800 including the shoot-through
protection circuit 100 according to some embodiments. The push-pull circuit 800 includes a
pair of transistor branches 802, 804 that drives either a positive or a negative current into a
load. The branch 802 includes an inductor 805 in series with a transistor 806 and a first delay
module 808. Similarly, the branch 804 includes an inductor 810 in series with a transistor
812 and a second delay module 814. A third delay module 816 is connected in series
between the pair of transistor branches 802, 804 and a positive terminal of an input voltage
supply 818. The third delay module 816 includes a diode 820 in parallel with an inductor
822, where the anode of the diode 820 is coupled to the positive terminal of the power supply
816 and the cathode of the diode 820 is coupled to the pair of transistor branches 802, 804.

In some embodiments, instead of using all three delay modules 824, 826, 816 to delay the
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rate of increase of a shoot-through current, the push-pull circuit 800 can include only one or

two of the delay modules 824, 826, 816.

[0071] In addition, the current sensed by the detector 824 of the first delay module 808, by
the detector 826 of the second delay module 814 and/or by the detector 830 of the third delay
module 816 can be used by the control circuit 130 (not shown) to accurately determine
whether shoot-through protection is required. Exemplary protection measures include

turning off one or both of the transistors 806, 812.

[0072] The technology has been described in terms of particular embodiments. The
alternatives described herein are examples for illustration only and not to limit the
alternatives in any way. The steps of the technology can be performed in a different order
and still achieve desirable results. Other embodiments are within the scope of the following

claims.
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CLAIMS
What is claimed is:

1. A switching apparatus comprising:

a first transistor including first, second and third terminals, the first terminal of the first
transistor coupled to a first power terminal, the third terminal of the first transistor
including a gate or base of the first transistor;

a second transistor including first, second and third terminals, the first terminal of the
second transistor coupled to a second power terminal, the second terminal of the
second transistor coupled to the second terminal of the first transistor, the third
terminal of the second transistor including a gate or base of the second transistor;

a first circuit module including an inductor in parallel with a diode, the first circuit
module connected between the first terminal of the second transistor and the second
power terminal;

a first current sensor coupled to the first circuit module or the first terminal of the second
transistor; and

a control circuit coupled to the third terminal of the first or second transistors, the control
circuit including a feedback circuit for turning off at least one of the first or second

transistors based on a signal from the first current sensor.

2. The apparatus of claim 1 further comprising a second circuit module including an inductor

in parallel with a diode, the second circuit module connected between the first terminal of the

first transistor and the first power terminal.
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3. The apparatus of claim 2 further comprising a second current sensor coupled to the second
circuit module or the first terminal of the first transistor, the feedback circuit for turning off at
least one of the first or second transistors further based on a signal from the second current

sensor.

4. The apparatus of claim 1 wherein the first power terminal is connected to a positive
voltage power source and the second power terminal is connected to a negative voltage power

source.

5. The apparatus of claim 1 wherein the first power terminal is connected to a negative
voltage power source and the second power terminal is connected to a positive voltage power

source.

6. The apparatus of claim 1 further comprising:
a gate or base voltage sensor coupled to the third terminal of the first transistor; and
an interlock circuit connected between the gate or base voltage sensor and the third
terminal of the second transistor, the interlock circuit for turning off the second transistor

based on a signal from the gate or base voltage sensor.
7. The apparatus of claim 1 wherein the feedback circuit is configured to turn off at least one
of the first or second transistors when the current sensed by the first current sensor is above a

predetermined threshold for a predetermined period of time.

8. The apparatus of claim 1 wherein the control circuit comprises a digital circuit.
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9. The apparatus of claim 1 wherein the control circuit comprises an analog circuit.

10. The apparatus of claim 1 wherein the diode in the first circuit module comprises a

silicon-carbide diode.

11. The apparatus of claim 1 wherein:
the first transistor includes a diode connected between the first and second terminals of
the first transistor, the diode of the first transistor is anti-parallel in polarity with the
first transistor; and
the second transistor includes a diode connected between the first and second terminals of
the second transistor, the diode of the second transistor is anti-parallel in polarity with

the second transistor.

12. The apparatus of claim 4 wherein a cathode of the diode in the first circuit module is
connected to the first terminal of the second transistor and the anode of the diode in the first

circuit module is connected to the second power terminal.

13. The apparatus of claim 1 wherein the control circuit includes a comparator for comparing
the signal from the first current sensor to a reference signal, the feedback circuit is adapted to
turn off at least one of the first or second transistors based on an output signal of the

comparator.

14. The apparatus of claim 1 wherein the control circuit includes a latch for interacting with

an enable signal to turn off at least one of the first or second transistors if the signal from the
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first current sensor is greater than or equal to a threshold for a plurality of consecutive clock

cycles.

15. The apparatus of claim 14 wherein the latch is adapted to turn on one of the first and

second transistors based on a reset signal signaling the end of a shoot-through event.

16. The apparatus of claim 1 wherein the control circuit includes a digital counter and state
machine for interacting with an enable signal to turn off at least one of the first or second
transistors if the signal from the first current sensor is greater than or equal to a threshold for

a plurality of consecutive clock cycles.

17. The apparatus of claim 16 wherein the digital counter and state machine is adapted to
turn on one of the first and second transistors based on a reset signal signaling the end of a

shoot-through event.

18. The apparatus of claim 17, wherein at least one of the enable signal or the reset signal is

controlled by a main controller.

19. The apparatus of claim 1 wherein the apparatus is included in a half-bridge circuit or a

full-bridge circuit.

20. A switching apparatus comprising:

a first circuit module including an inductor in parallel with a diode, a first terminal of the

first circuit module coupled to a first power terminal;
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a first transistor including first, second and third terminals, the first terminal of the first
transistor coupled to a second terminal of the first circuit module, the second terminal
of the first transistor coupled to a second power terminal, the third terminal of the first
transistor including a gate or base of the first transistor;

a second transistor including first, second and third terminals, the first terminal of the
second transistor coupled to the second terminal of the first circuit module, the
second terminal of the second transistor coupled to the second power terminal, the
third terminal of the second transistor including a gate or base of the second transistor;

a current sensor coupled to the first circuit module; and

a control circuit coupled to the third terminal of the first or second transistors, the control
circuit including a feedback circuit for turning off at least one of the first or second

transistors based on a signal from the current sensor.

21. The apparatus of claim 20 wherein the apparatus is included in a push-pull circuit.
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