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(7) ABSTRACT

An inverter phase leg with shoot-through protection that
may be used in inverters includes a high side semiconductor
switch and a low side semiconductor switch which are
connected across DC supply lines and which have an output
node between them. A series diode or connector switch is
connected between the output node and the low side switch,
and the junction between the diode or connector switch and
the low side switch is electrically connected directly to the
gate of the high side switch. If the low side switch is still
conducting at the time that the high side switch receives a
command to turn on, the gate of the high side switch will be
biased so that the switch is held off until current stops
flowing through the low side switch and, conversely, if the
high side switch is still on at the time that the low side switch
is turned on, the gate of the high side switch will be biased
to insure its immediate turn-off, thereby preventing a shoot-
through condition under which the high side and low side
switches are turned on at the same time.

25 Claims, 5 Drawing Sheets
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INVERTER CONFIGURATIONS WITH
SHOOT-THROUGH IMMUNITY

STATEMENT OF GOVERNMENT RIGHTS

This invention was made with United States government
support awarded by the following agency: NSF 9731677.
The United States government has certain rights in this
invention.

FIELD OF THE INVENTION

This invention pertains generally to the field of electrical
power conversion and particularly to DC to AC inverters
utilizing semiconductor switches.

BACKGROUND OF THE INVENTION

Electrical power inverters typically utilize pairs of semi-
conductor switches that are connected together across DC
bus or supply lines to which a DC voltage source is
connected. The switches are alternately turned on and off in
a selected switching sequence to provide AC power to a load
connected to a node between the two switches. The high side
semiconductor switches are almost always selected to be
n-type devices because of their superior switching charac-
teristics and low on-resistance compared to p-type devices.
As a result, the high side switch requires a floating voltage
source and level-shift function that contributes to the cost
and complexity of the inverter gate drive. A single pair of
semiconductor switches connected in this manner may be
used by itself to provide single phase AC power to a load,
or two pairs of switches may be connected together in a
conventional H-bridge configuration, for single phase
power, three pairs of switches for three phase power, and so
on. Each pair of switches may be considered a phase leg of
a single phase or multiphase inverter.

Because the two switches of the phase leg are connected
in series across the DC bus lines, if both of the switches are
turned on simultaneously a potentially catastrophic shoot-
through condition exists in which short circuit current
through the switches could burn out the switches or damage
other circuit components. In conventional phase leg
configurations, dead time is almost always added to the gate
drive signals provided to the switches to ensure that one of
the switches is completely turned off before the other switch
is turned on. However, the presence of dead time can add a
significant amount of undesired non-linearity and harmonic
distortion to the pulse width modulated (PWM) output
voltage waveforms. Depending on the current direction, the
actual phase voltage can gain or lose voltage in comparison
to the ideal PWM waveform. The output waveform distor-
tion and the voltage amplitude loss of the fundamental-
frequency component become worse as either the funda-
mental frequency or the carrier frequency increases.

Many different methods for compensating for dead time
have been proposed, typically by compensating the effects of
dead time indirectly using appropriate control methods to
modify the PWM commands. Measured phase current polar-
ity information is often required to carry out these compen-
sation algorithms. The very fast (sub-microsecond) time
scale for phase leg switching, combined with practical
difficulties associated with zero-crossing detection errors,
has made it difficult to satisfactorily achieve dead time
compensation under all conditions, and the added complex-
ity of such approaches also increases the total cost of the
inverter.

Various circuits have been proposed for preventing shoot-
through by effectively sensing current flow through the
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switches and ensuring the turn-off of a conducting switch
before the other is turned on. See U.S. Pat. Nos. 4,126,819,
5,646,837 and 5,859,519 and published U.S. patent appli-
cation US2001/0048278A1. Such circuits require significant
additional components, with significant added cost, or still
require delays between turn-off and turn-on of the switches
with corresponding dead time in the PWM waveforms.

SUMMARY OF THE INVENTION

In accordance with the invention, shoot-through in the
switching devices of the inverter phase legs is prevented
without requiring dead time in the command signals pro-
vided to the inverter switching devices. The inverter phase
leg configurations of the invention provide shoot-through
immunity at relatively low cost and complexity, and with
high reliability.

In an embodiment of the present invention, each inverter
phase leg configuration includes a high side semiconductor
switch and a low side semiconductor switch connected
across the DC supply lines, an output node connection
between the two switches, and a series diode connected
between the output node and the low side switch. The
junction between the series diode and the low side switch is
electrically connected directly by a low resistance conductor
to the gate of the high side switch. The high side switch is
turned on when a positive bias is applied between its input
gate and the output node, and is turned off when a negative
bias is applied between the gate and the connection of the
high side switch to the output node. If the low side switch
is still conducting at the time that the high side switch is
turned on, the voltage across the diode will back bias the
gate of the high side switch to insure that it is kept off until
current stops flowing through the low side switch.
Conversely, if the high side switch is still on at the time that
the low side switch is turned on, and current begins to flow
through the low side switch, the voltage across the series
diode will back bias the gate of the high side switch to insure
its turn-off. Because of the inherent protection against shoot-
through provided by the invention, a simplified driver circuit
may be utilized which provides a drive signal to only the low
side switch, with the high side switch being provided with
constant turn-on voltage through a resistance so that the gate
voltage of the high side switch goes positive when and only
when the low side switch is turned off. No delays need be
provided between turn-on and turn-off of the switches and
no circuit provisions are needed to introduce delays.

The inverter phase leg of the present invention may also
utilize a separate driving amplifier for the high side switch.
The output of the low side driver amplifier is provided via
a line through a diode to provide an input voltage to the input
of the inverting driver amplifier. The inverted output of the
amplifier is provided through the resistor to the gate of the
high side switch. This implementation increases the robust-
ness of the gate drive circuit for the high side switch by
insuring that the gate terminal of the high side switch is
always held to zero volts or less whenever the low side
switch is on. During the intervals when the high side switch
is on, the presence of the high side driver amplifier helps to
speed the turn-on transition of the high side switch. It also
minimizes the gate drive losses by reducing the power
dissipation in the gate resistor while the low side switch is
on.

In a further embodiment of the invention, the gate drive
circuits providing the turn-on and turn-off signals to the
gates of the switching devices may also provide a turn-on
signal to a connector switch, such as a MOSFET, connected
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between the output node and the low side switch, which is
provided with a gate control signal to turn on at the same
time as the low side switch. The junction between the
connector switch and the low side switch is connected by a
conductor to the gate of the high side switch. When the
connector switch is on, it effectively drives the voltage on
the gate of the high side switch to zero, ensuring its turn-off.
The connector switch can be selected to have a very low
resistance in its on-state to minimize power loss and output
waveform distortion and can be implemented as a power
MOSFET synchronous rectifier having a parallel diode and
switch in a unitary device. This device has the advantage that
even if the switch fails because its gating signal is removed,
the parallel diode will function as discussed above to prevent
shoot-through, but with some additional loss.

Two of the phase legs in accordance with the invention
may be connected together in a conventional H-bridge
configuration, with the high and low side switches in the two
phase legs alternatively turning on and off to provide AC
power across a load. The invention may also be imple-
mented in a three or higher phase implementation utilizing
three or more of the phase legs under appropriate control to
provide a polyphase output across the load.

Further objects, features and advantages of the invention
will be apparent from the following detailed description
when taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings:

FIG. 1 is a schematic circuit diagram of an inverter phase
leg in accordance with the present invention.

FIG. 2 is a schematic circuit diagram of another imple-
mentation of the inverter phase leg of the invention.

FIG. 3 is a schematic circuit diagram of an H-bridge
inverter output stage utilizing the inverter phase leg con-
figurations of the invention.

FIG. 4 is a schematic circuit diagram of a three-phase
inverter output stage using the inverter phase leg configu-
rations of the invention.

FIG. 5 is a further implementation of the inverter phase
leg of the present invention incorporating a connector
switch.

FIG. 6 is a schematic circuit diagram of another imple-
mentation of the inverter phase leg configuration of FIG. 5.

DETAILED DESCRIPTION OF THE
INVENTION

With reference to the drawings, a basic implementation of
an inverter phase leg configuration in accordance with the
invention is shown generally at 10 in FIG. 1. The phase leg
configuration 10 of FIG. 1 includes a high side gate con-
trolled semiconductor switch 11 and a low side gate con-
trolled semiconductor switch 12 which are connected in
series across DC supply lines 14 and 15, which may be DC
bus lines supplied with power from a DC power supply (not
shown) that is providing an appropriate DC output voltage
across the lines 14 and 15. As illustrated in FIG. 1, the line
15 may be the common or ground line. The switching
devices 11 and 12 may be, for example only, insulated gate
bipolar transistors (IGBTS), as illustrated in FIG. 1, or power
MOSFETs, bipolar transistors, etc. An output node 17
between the switches 11 and 12 is connected to an output
line 18 on which the AC output voltage of the inverter is
provided. The output line 18 is also connected to a common
line 19 for the floating voltage source voltage V,, that
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provides gate drive power for the high side switch 11 as
shown in FIG. 1. As is conventional in inverters of this type,
a high side flyback diode 21 is connected in parallel with the
high side switch 11 between the output node 17 and the high
level supply line 14, and a flyback diode 22 is connected in
parallel with the low side switch 12 between the low line 15
and output node 17. In accordance with the invention, a
series diode 25 is connected between the output node 17 and
the low side switch 12, and is oriented to conduct current
from the output node 17 to the low side switch 12 and to
block current in the opposite direction. An electrical con-
ducting line 26 is connected from a junction 27 between the
diode 25 and the switch 12 to a connection 28 at the gate
input 29 of the gate controlled high level switch 11. The
diode 25 may be a low-voltage Schottky diode to minimize
conduction losses. The conducting line 26 provides a direct
electrical connection between the junction 27 and the gate
input 29 without a resistive component such as a resistor and
with very low residual resistance (preferably less than one
ohm and most preferably as close to zero as practically
possible). Such conditions provide shoot through protection
without requiring delays between turn on and turn off of the
inverter switches.

In the phase leg configuration 10 of FIG. 1, a gate drive
signal is provided only to the low side switch 12. The gate
drive control signal V,, is provided on a line 30 to a gate
driver amplifier 31 which provides its output voltage signal
through a resistor 32 to the gate 33 of the low side switch 12.
To provide gating to the high side switch 11, a constant high
side gate voltage V, is provided on a line 35 (referenced to
the common line 19) through a resistor 36 to the gate 29 of
the high side switch 11. A capacitor 37 can be connected
between the line 35 and the common line 19 to help stiffen
the voltage supply for the high side switch gate drive.

The operation of the circuit of FIG. 1 can be explained as
follows. When the input command signal V,,, is high, the low
side switch 12 turns on because of the buffering action of the
low side driver amplifier 31. The gate-to-emitter voltage (for
an IGBT, or gate-to-source voltage for a MOSFET switch)
of the high side switch 11 becomes either one-diode voltage
drop negatively biased or one-diode voltage drop positively
biased, depending on the direction of the phase leg output
current. In either case, the gate-emitter voltage for the high
side switch 11 is below its threshold voltage and it remains
in its off-state. When V,,, changes to low, so that the low side
switch 12 turns off, the high side switch 11 starts to turn on
because the low side switch 12 no longer draws current
through the series diode 25. The high side capacitor 37 can
now deliver charge to the gate 29 of the high side switch 11
through the resistor 36. Therefore, the series diode 25
becomes reverse biased as charge on the capacitor 37 is
transferred to the gate capacitor of the switch 11. The voltage
across the diode 25 rises above the gate threshold voltage
and the high side switch 11 turns on.

When the input command signal V,,, again goes high, the
low side switch 12 is turned on, which discharges the gate
of the high side switch 11, causing it to turn off.

The presence of the series diode 25 and the direct elec-
trical connection 26 to the gate 29 of the high side switch 11
makes it impossible for a short-circuit condition to develop
in which current flows simultaneously through both the high
side switch 11 and the low side switch 12, because it is
impossible for the diode junction of the diode 25 and the
gate-emitter terminals of the high side switch 11 to be
simultaneously forward biased. If current is flowing through
the series diode 25, the voltage drop across it negatively
biases the gate to emitter junction of the high side switch 11,
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thereby insuring that the switch either turns off or remains
off. Because the line 26 is a very low resistance conductor,
the high side switch will turn off immediately when the low
side switch turns on, simultaneously avoiding shoot-through
and eliminating the need for any delay time that must be
added by the circuit.

FIG. 2 illustrates the inverter phase leg of the present
invention utilizing a separate driving amplifier 40 for the
high side switch. The output of the low side driver amplifier
31 is provided via a line 41 through a diode 42 and a voltage
divider formed by resistors 44 and 45, to provide an input
voltage V, to the input of the inverting driver amplifier 40.
The amplifier 40 is connected across the high side gate drive
voltage line 35 and the common line 19. The inverted output
of the amplifier 40 is provided through the resistor 36 to the
gate 29 of the high side switch 11. Although the implemen-
tation of FIG. 2 provides the same output in response to the
input voltage V,, as the inverter circuit of FIG. 1, it increases
the robustness of the gate drive circuit for the high side
switch 11 by insuring that the gate terminal 29 of the high
side switch is always held to zero volts or less whenever the
low side switch is on. When the output voltage V,,, on the
output line 18 is pulled low, the input voltage V, at the input
to the amplifier 40 transitions high. Since the driver ampli-
fier 40 provides an inverting function, its output switches
low, thus ensuring that the high side switch 11 is held firmly
off whenever the low side switch 12 is on. In particular, the
presence of the driver amplifier 40 insures that the gate-
emitter voltage for the high side switch 11 is held to zero
volts or less regardless of whether the output current is
flowing through the low side switch 12 or the diode 22. In
contrast, the gate-emitter voltage of the high side switch 11
rises to at least a diode-voltage-drop above zero when the
current is flowing through the diode 22 in the circuit of FIG.
1. This voltage will still be below the threshold voltage of
the high side switch 11, so that it will not be able to turn on,
but the presence of the driver amplifier 40 in the circuit of
FIG. 2 provides additional robustness.

During the intervals when the high side switch 11 is on,
the presence of the high side driver amplifier 40 helps to
speed the turn-on transition of the high side switch and
minimizes the gate drive losses by reducing the power
dissipation in the gate resistor 36 as compared to the circuit
of FIG. 1.

The inverter phase leg 10 can be utilized by itself in
appropriate applications or can be incorporated as a phase
leg in inverter bridge circuits. FIG. 3 illustrates the incor-
poration of two inverter phase legs 10 in accordance with the
invention in an H-bridge circuit in which the two inverter
phase legs 10 have output lines designated 18A and 18B
which are connected to a load 47, but which are otherwise
identical to the phase legs 10 shown in FIGS. 1 or 2. DC
power is provided across the supply lines 14 and 15 by a DC
power supply 48. As in conventional H-bridge circuits, the
high side switch 11 of each inverter phase leg 10 is turned
on in tandem with the low side switch 12 of the other
inverter phase leg to provide alternating direction current
flow through the load 47. The inverter may also be con-
trolled so that at times both high side switches or both low
side switches are on simultaneously. The bridge configura-
tion may be extended to polyphase circuits, as in the
three-phase circuit illustrated in FIG. 4 in which three
inverter phase legs 10 are connected across the DC supply
lines 14 and 15, which are connected to a DC power supply
48. The output lines of the three inverter phase legs, desig-
nated 18A, 18B and 18C in FIG. 4, are connected to the
input of the three-phase load schematically represented at 49
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6

in FIG. 4. The switches of each phase leg may be operated
in a conventional three-phase switching bridge scheme to
provide the appropriate phase voltages across the three-
phase load 49. Each of the pairs of switches in each phase
leg 10 is provided with a driver circuit (not shown in FIGS.
3 and 4), examples of which are shown in FIGS. 1 or 2 as
discussed above, or in FIGS. 5 and 6 as discussed below.
FIG. 5 illustrates another implementation of the inverter
phase leg in accordance with the invention utilizing a
connector switch 51 such as a synchronous rectifier MOS-
FET connected in series with the switches 11 and 12 and
between the output node 17 and the low side switch 12. The
utilization of the connector switch 51 rather than the series
diode 25 reduces the forward voltage drop across the
component, thereby reducing the phase leg losses. A syn-
chronous rectifier is a three terminal active device that is
gated to behave as a two terminal diode device, except that
the presence of the low-impedance conducting channel of
the device reduces its forward voltage drop considerably
compared to a conventional PiN diode or even a Schottky
diode. The connector switch 51 may comprise a power
MOSFET that has a body diode 25' that functions effectively
as the series diode 25 with an active MOSFET bypass switch
connected in parallel therewith. The MOSFET 51 as shown
in FIGS. 5 and 6 is connected with its source connected to
the output node 17 and its drain connected to the junction 27
so that when it turns on it conducts in parallel with and
effectively bypasses the body diode 25'. The maximum
reverse voltage across the diode 25 of FIGS. 1 and 2 or the
synchronous rectifier 51 is limited by the high side switch
gate-drive voltage V,; to, e.g., about 20 V, so that it is
possible to use low voltage rated components, even through
the bus voltage across the lines 14 and 15 may be quite high
(e.g., greater than 300 volts). Since the connector switch 51
is a three terminal device, it requires a drive circuit that
shares the same floating voltage source as the high side gate
drive. As illustrated in FIG. §, this drive may be provided by
a drive amplifier 55 which receives its input on a line 57
from the input to the inverting amplifier 40, and is connected
to receive power from the gate drive voltage line 35 and to
the common line 19. The output of the driver amplifier 55 is
provided through a resistor 56 to the gate of the synchronous
rectifier connector switch 51. Because the amplifier 40 is
inverting, and the amplifier 55 is non-inverting, the gate
input to the connector switch 51 is the complement to the
gate input to the high side switch 11, so that the synchronous
rectifier connector switch 51 is on only when the gate input
to the high side switch 11 is off. The body diode 25' that is
incorporated as part of a power MOSFET switch 51 insures
that there is always a legal current path through the device
even before it fully turns on. However, the forward drop
across the connector switch 51 will be much smaller when
the MOSFET channel is fully conducting compared to when
it is off, so that the losses are minimized when the device is
turned on. The presence of the body diode 25' insures that
the phase leg will be able to continue operating with
shoot-through protection even if the MOSFET portion of the
synchronous rectifier switch 51 does not turn on (due to, for
example, failure in the amplifier 55), which would increase
the phase leg losses but still allow operation to continue. The
advantage of utilizing a synchronous rectifier rather than a
series diode are reduced phase leg power dissipation and less
of an effect on the output voltage waveforms when the low
side switch 12 is conducting. These advantages make the
implementation of FIG. § particularly suited to high-current
low-voltage applications. The synchronous rectifier MOS-
FET 51 with body diode 25' effectively functions as a diode
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and parallel connected semiconductor bypass switch, and
can be implemented with separate devices, e.g., a Schottky
diode and a parallel connected MOSFET. The utilization of
a synchronous rectifier device has the advantage of incor-
porating both components in a single device with a potential
savings in cost and size, as well as minimizing the voltage
drop across the conducting channel of the MOSFET. The
connecting switch 51 may also be implemented as a semi-
conductor switch without an intrinsic diode or as parallel
discrete components, e.g., an IGBT and a diode connected in
parallel.

Another implementation of the drive circuit for the phase
leg 10 is shown in FIG. 6. The circuit of FIG. 6 is similar to
that of FIG. 5 except that instead of having a parallel driver
amplifier 55 for the synchronous rectifier connector switch
51, a series connected amplifier 60 is connected to receive
the voltage V, across the voltage divider formed by the
resistors 44 and 45, and is connected to receive power across
the gate voltage supply line 35 and the common line 19. The
output of the amplifier 60 is provided to the input of the
inverting amplifier 40 and is also provided on a line 61
through the gate resistor 56 to the gate of the synchronous
rectifier 51.

It is understood that the invention is not confined to the
particular embodiments set forth herein as illustrative, but
embraces all such forms thereof as come within the scope of
the following claims.

What is claimed is:

1. ADC to AC inverter comprising:

(2) a high DC supply line and a low DC supply line; and

(b) two or more inverter phase legs connected across the

high supply line and the low supply line, each inverter

phase leg comprising:

(1) a high side gate controlled switch connected to the
high line and a low side gate controlled switch
connected to the low line, the switches connected
between the high line and the low line with an output
node between the high side switch and the low side
switch;

(2) a gate controlled connector switch connected
between the output node and the low side switch; and

(3) an electrical conductor providing a direct electrical
connection without a resistive component from a
junction between the connector switch and the low
side switch to the gate of the high side switch.

2. The inverter of claim 1 wherein for each phase leg the
high side switch and the low side switch each comprise an
IGBT, and including a flyback diode connected in parallel
with the high side switch from the high supply line to the
output node and a flyback diode connected in parallel with
the low side switch from the output node to the low supply
line.

3. The inverter of claim 1 wherein for each phase leg the
high side switch and the low side switch each comprise a
power MOSFET.

4. The inverter of claim 1 further including for each phase
leg a low side driver amplifier having an input that can
receive a gate control signal and an output connected to the
gate of the low side switch, and a high side inverting driver
amplifier having an output connected through a resistance to
the gate of the high side switch, the output of the low side
driver amplifier connected to an input of the high side
inverting amplifier, the high side inverting amplifier con-
nected between a high side gate voltage supply line and a
line connected to the output node and providing at its output
either the high side gate voltage or the voltage at the output
node, the connector switch connected to turn on when the
high side switch turns off.
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5. The inverter of claim 4 further including for each phase
leg a connector switch driver amplifier having an output
connected to the gate of the connector switch and an input
connected to the input of the high side driver amplifier so
that the connector switch driver amplifier provides an output
signal to turn on the connector switch when a signal is
provided to the high side inverting amplifier to turn off the
high side switch.

6. The inverter of claim 4 further including for each phase
leg a connector switch driver amplifier connected to receive
the output of the low side driver amplifier as its input and
having an output connected to the input of the high side
driver amplifier, the connector switch driver amplifier pro-
viding a non-inverting output that is electrically connected
to the gate of the connector switch so that the connector
switch is turned on when a signal is provided to turn off the
high side switch and is turned off when a signal is provided
to turn on the high side switch.

7. The inverter of claim 1 wherein for each phase leg the
connector switch comprises a unitary synchronous rectifier
device having a switch and a parallel diode.

8. The inverter of claim 1 wherein there are two phase legs
which are connected together in an H-bridge configuration
to provide single phase AC power across a load connected
between the two output nodes of the two inverter phase legs.

9. The inverter of claim 1 wherein there are three phase
legs connected in a bridge configuration having three output
nodes which are connected to provide three phase AC power
to a three phase load.

10. An inverter phase leg comprising:

(a) a high supply line and a low supply line across which
a DC voltage may be provided;

(b) a high side gate controlled switch connected to the
high line and a low side gate controlled switch con-
nected to the low line, the switches connected between
the high line and the low line with an output node
between the high side switch and the low side switch;

(c) a series diode connected between the output node and
the low side switch that is oriented to a conduct current
from the output node through the low side switch and
to block current in the opposite direction;

(d) an electrical conductor providing a direct electrical
connection without a resistive component from a junc-
tion between the series diode and the low side switch to
the gate of the high side switch; and

(e) wherein a gate signal can be provided to the gate of the
low side switch, and a high side inverting driver
amplifier having an output connected through a resis-
tance to the gate of the high side switch, the low side
gate signal provided through a diode to an input of the
high side inverting amplifier, the high side inverting
amplifier connected between a high side gate voltage
supply line and a line connected to the output node and
providing at its output either the high side gate voltage
or the voltage at the output node; further including a
semiconductor switch connected in parallel with the
series diode and having a gate input by which the
semiconductor switch may be turned on and off, and
including a switch driver amplifier having an output
connected to the gate of the semiconductor switch and
an input connected to the input of the high side driver
amplifier so that the switch driver amplifier provides an
output signal to turn on the semiconductor switch when
a signal is provided to the high side inverting amplifier
to turn off the high side switch.
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11. An inverter phase leg comprising:

(2) a high supply line and a low supply line across which
a DC voltage may be provided;

(b) a high side gate controlled switch connected to the
high line and a low side gate controlled switch con-
nected to the low line, the switches connected between
the high line and the low line with an output node
between the high side switch and the low side switch;

(c) a series diode connected between the output node and
the low side switch that is oriented to a conduct current
from the output node through the low side switch and
to block current in the opposite direction;

(d) an electrical conductor providing a direct electrical
connection without a resistive component from a junc-
tion between the series diode and the low side switch to
the gate of the high side switch; and

(e) wherein a gate signal can be provided to the gate of the
low side switch, and a high side inverting driver
amplifier having an output connected through a resis-
tance to the gate of the high side switch, the low side
gate signal provided through a diode to an input of the
high side inverting amplifier, the high side inverting
amplifier connected between a high side gate voltage
supply line and a line connected to the output node and
providing at its output either the high side gate voltage
or the voltage at the output node; further including a
semiconductor switch connected in parallel with the
series diode and having a gate input by which the
semiconductor switch may be turned on and off, and
including a switch driver amplifier having an output
connected to the gate of the semiconductor switch and
an input connected to the input of the high side driver
amplifier so that the switch driver amplifier provides an
output signal to turn on the semiconductor switch when
a signal is provided to the high side inverting amplifier
to turn off the high side switch, wherein the semicon-
ductor switch and series diode are formed as a unitary
synchronous rectifier device.

12. An inverter phase leg comprising:

(2) a high supply line and a low supply line across which
a DC voltage may be provided;

(b) a high side gate controlled switch connected to the
high line and a low side gate controlled switch con-
nected to the low line, the switches connected between
the high line and the low line with an output node
between the high side switch and the low side switch;

(c) a series diode connected between the output node and
the low side switch that is oriented to a conduct current
from the output node through the low side switch and
to block current in the opposite direction;

(d) an electrical conductor providing a direct electrical
connection without a resistive component from a junc-
tion between the series diode and the low side switch to
the gate of the high side switch; and

(e) wherein a gate signal can be provided to the gate of the
low side switch, and a high side inverting driver
amplifier having an output connected through a resis-
tance to the gate of the high side switch, the low side
gate signal provided through a diode to an input of the
high side inverting amplifier, the high side inverting
amplifier connected between a high side gate voltage
supply line and a line connected to the output node and
providing at its output either the high side gate voltage
or the voltage at the output node; further including a
semiconductor switch connected in parallel with the
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series diode and having a gate input by which the
semiconductor switch may be turned on and off, and a
semiconductor switch driver amplifier connected to
receive the low side switch gate signal as its input and
having an output connected to the input of the high side
driver amplifier, the semiconductor switch driver
amplifier providing a non-inverting output that is elec-
trically connected to the gate of the semiconductor
switch so that the switch is turned on when a signal is
provided to turn off the high side switch and is turned
off when a signal is provided to turn on the high side
switch.

13. An inverter phase leg comprising:

(a) a high supply line and a low supply line across which
a DC voltage may be provided;

(b) a high side gate controlled switch connected to the
high line and a low side gate controlled switch con-
nected to the low line, the switches connected between
the high line and the low line with an output node
between the high side switch and the low side switch;

(c) a series diode connected between the output node and
the low side switch that is oriented to a conduct current
from the output node through the low side switch and
to block current in the opposite direction;

(d) an electrical conductor providing a direct electrical
connection without a resistive component from a junc-
tion between the series diode and the low side switch to
the gate of the high side switch; and

(e) wherein a gate signal can be provided to the gate of the
low side switch, and a high side inverting driver
amplifier having an output connected through a resis-
tance to the gate of the high side switch, the low side
gate signal provided through a diode to an input of the
high side inverting amplifier, the high side inverting
amplifier connected between a high side gate voltage
supply line and a line connected to the output node and
providing at its output either the high side gate voltage
or the voltage at the output node; further including a
semiconductor switch connected in parallel with the
series diode and having a gate input by which the
semiconductor switch may be turned on and off, and a
semiconductor switch driver amplifier connected to
receive the low side switch gate signal as its input and
having an output connected to the input of the high side
driver amplifier, the semiconductor switch driver
amplifier providing a non-inverting output that is elec-
trically connected to the gate of the semiconductor
switch so that the switch is turned on when a signal is
provided to turn off the high side switch and is turned
off when a signal is provided to turn on the high side
switch, wherein the semiconductor switch and series
diode are formed as a unitary synchronous rectifier
device.

14. A DC to AC inverter comprising:

(a) a high DC supply line and a low DC supply line; and

(b) two or more inverter phase legs connected across the
high supply line and the low supply line, each inverter
phase leg comprising:

(1) a high side gate controlled switch connected to the
high line and a low side gate controlled switch
connected to the low line, the switches connected
between the high line and the low line with an output
node between the high side switch and the low side
switch;

(2) a series diode connected between the output node
and the low side switch that is oriented to a conduct
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current from the output node through the low side
switch and to block current in the opposite direction;
(3) an electrical conductor providing a direct electrical
connection without a resistive component from a
junction between the series diode and the low side

12

wherein for each phase leg the semiconductor switch
and series diode are formed as a unitary synchronous
rectifier device.

16. An inverter phase leg comprising:

5 (a) a high supply line and a low supply line across which
switch to the gate of the high side switch; and a DC voltage may be provided;

(4) wherein a gate signal may be provided to the gate (b) a high side gate controlled switch connected to the
of the low side switch, and a high side inverting high line and a low side gate controlled switch con-
driver amplifier having an output connected through nected to the low line, the switches connected between
a resistance to the gate of the high side switch, the 44 the high line and the low line with an output node
low side gate signal provided through a diode to an between the high side switch and the low side switch;
input of the high side inverting amplifier, the high (c) a gate controlled connector switch connected between
side inverting amplifier connected between a high the output node and the low side switch; and
side gate voltage supply line and a line connected to (d) an electrical conductor providing a direct electrical
the output node and providing at its output either the ;5 connection without a resistive component from a junc-

high side gate voltage or the voltage at the output
node; further including for each phase leg a semi-
conductor switch connected in parallel with the
series diode and having a gate input by which the
semiconductor switch may be turned on and off, and
including a switch driver amplifier having an output
connected to the gate of the semiconductor switch
and an input connected to the input of the high side
driver amplifier so that the switch driver amplifier
provides an output signal to turn on the semiconduc-
tor switch when a signal is provided to the high side
inverting amplifier to turn off the high side switch.

20

25

tion between the connector switch and the low side
switch to the gate of the high side switch.

17. The inverter phase leg of claim 16 wherein the high
side switch and the low side switch each comprise an IGBT,
and including a flyback diode connected in parallel with the
high side switch from the high supply line to the output node
and a flyback diode connected in parallel with the low side
switch from the output node to the low supply line.

18. The inverter phase leg of claim 16 wherein the high
side switch and the low side switch each comprise a power
MOSFET.

19. The inverter phase leg of claim 16 including a low side

15. A DC to AC inverter comprising:

(2) a high DC supply line and a low DC supply line; and

(b) two or more inverter phase legs connected across the
high supply line and the low supply line, each inverter
phase leg comprising:
(1) a high side gate controlled switch connected to the

driver amplifier having an input that can receive a gate
control signal and an output connected to the gate of the low
side switch, and a high side inverting driver amplifier having
an output connected through a resistance to the gate of the
high side switch, the output of the low side driver amplifier
connected to an input of the high side inverting amplifier, the

30

high line and a low side gate controlled switch
connected to the low line, the switches connected
between the high line and the low line with an output
node between the high side switch and the low side
switch;

(2) a series diode connected between the output node
and the low side switch that is oriented to a conduct
current from the output node through the low side
switch and to block current in the opposite direction;
(3) an electrical conductor providing a direct electrical
connection without a resistive component from a
junction between the series diode and the low side
switch to the gate of the high side switch; and

(4) wherein a gate signal may be provided to the gate
of the low side switch, and a high side inverting
driver amplifier having an output connected through
a resistance to the gate of the high side switch, the
low side gate signal provided through a diode to an
input of the high side inverting amplifier, the high
side inverting amplifier connected between a high
side gate voltage supply line and a line connected to
the output node and providing at its output either the
high side gate voltage or the voltage at the output
node; further including for each phase leg a semi-
conductor switch connected in parallel with the
series diode and having a gate input by which the
semiconductor switch may be turned on and off, and
including a switch driver amplifier having an output
connected to the gate of the semiconductor switch
and an input connected to the input of the high side
driver amplifier so that the switch driver amplifier
provides an output signal to turn on the semiconduc-
tor switch when a signal is provided to the high side
inverting amplifier to turn off the high side switch,
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high side inverting amplifier connected between a high side
gate voltage supply line and a line connected to the output
node and providing at its output either the high side gate
voltage or the voltage at the output node, the connector
switch connected to turn on when the high side switch turns
off.

20. The inverter phase leg of claim 19 further including a
connector switch driver amplifier having an output con-
nected to the gate of the connector switch and an input
connected to the input of the high side driver amplifier so
that the connector switch driver amplifier provides an output
signal to turn on the connector switch when a signal is
provided to the high side inverting amplifier to turn off the
high side switch.

21. The inverter phase leg of claim 19 wherein the
connector switch comprises a unitary synchronous rectifier
device having a switch and a parallel diode.

22. The inverter phase leg of claim 19 further including a
connector switch driver amplifier connected to receive the
output of the low side driver amplifier as its input and having
an output connected to the input of the high side driver
amplifier, the connector switch driver amplifier providing a
non-inverting output that is electrically connected to the gate
of the connector switch so that the connector switch is turned
on when a signal is provided to turn off the high side switch
and is turned off when a signal is provided to turn on the high
side switch.

23. ADC to AC inverter comprising:

(a) a high DC supply line and a low DC supply line; and

(b) two or more inverter phase legs connected across the

high supply line and the low supply line, each inverter

phase leg comprising:

(1) a high side gate controlled switch connected to the
high line and a low side gate controlled switch
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connected to the low line, the switches connected
between the high line and the low line with an output
node between the high side switch and the low side
switch;

(2) a series diode connected between the output node
and the low side switch that is oriented to a conduct
current from the output node through the low side
switch and to block current in the opposite direction;

(3) an electrical conductor providing a direct electrical
connection without a resistive component from a
junction between the series diode and the low side
switch to the gate of the high side switch; and

(4) wherein a gate signal may be provided to the gate
of the low side switch, and a high side inverting
driver amplifier having an output connected through
a resistance to the gate of the high side switch, the
low side gate signal provided through a diode to an
input of the high side inverting amplifier, the high
side inverting amplifier connected between a high
side gate voltage supply line and a line connected to
the output node and providing at its output either the
high side gate voltage or the voltage at the output
node; further including for each phase leg a semi-
conductor switch connected in parallel with the
series diode and having a gate input by which the
semiconductor switch may be turned on and off, and
a semiconductor switch driver amplifier connected to
receive the low side gate signal at its input and
having an output connected to the input of the high
side driver amplifier, the semiconductor switch
driver amplifier providing a non-inverting output
that is electrically connected to the gate of the
semiconductor switch so that the switch is turned on
when a signal is provided to turn off the high side
switch and is turned off when a signal is provided to
turn on the high side switch.

24. ADC to AC inverter comprising:

(2) a high DC supply line and a low DC supply line; and

(b) two or more inverter phase legs connected across the
high supply line and the low supply line, each inverter
phase leg comprising:

(1) a high side gate controlled switch connected to the
high line and a low side gate controlled switch
connected to the low line, the switches connected
between the high line and the low line with an output
node between the high side switch and the low side
switch;

(2) a series diode connected between the output node
and the low side switch that is oriented to a conduct
current from the output node through the low side
switch and to block current in the opposite direction;

(3) an electrical conductor providing a direct electrical
connection without a resistive component from a
junction between the series diode and the low side
switch to the gate of the high side switch; and

(4) wherein a gate signal may be provided to the gate
of the low side switch, and a high side inverting
driver amplifier having an output connected through
a resistance to the gate of the high side switch, the
low side gate signal provided through a diode to an
input of the high side inverting amplifier, the high
side inverting amplifier connected between a high
side gate voltage supply line and a line connected to
the output node and providing at its output either the
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high side gate voltage or the voltage at the output
node; further including for each phase leg a semi-
conductor switch connected in parallel with the
series diode and having a gate input by which the
semiconductor switch may be turned on and off, and
a semiconductor switch driver amplifier connected to
receive the low side gate signal at its input and
having an output connected to the input of the high
side driver amplifier, the semiconductor switch
driver amplifier providing a non-inverting output
that is electrically connected to the gate of the
semiconductor switch so that the switch is turned on
when a signal is provided to turn off the high side
switch and is turned off when a signal is provided to
turn on the high side switch, wherein for each phase
leg the semiconductor switch and series diode are
formed as a unitary synchronous rectifier device.

25. ADC to AC inverter comprising:
(a) a high DC supply line and a low DC supply line; and
(b) two or more inverter phase legs connected across the

high supply line and the low supply line, each inverter

phase leg comprising;

(1) a high side gate controlled switch connected to the
high line and a low side gate controlled switch
connected to the low line, the switches connected
between the high line and the low line with an output
node between the high side switch and the low side
switch;

(2) a series diode connected between the output node
and the low side switch that is oriented to a conduct
current from the output node through the low side
switch and to block current in the opposite direction;

(3) an electrical conductor providing a direct electrical
connection without a resistive component from a
junction between the series diode and the low side
switch to the gate of the high side switch; and

(4) wherein a gate signal may be provided to the gate
of the low side switch, and a high side inverting
driver amplifier having an output connected through
a resistance to the gate of the high side switch, the
low side gate signal provided through a diode to an
input of the high side inverting amplifier, the high
side inverting amplifier connected between a high
side gate voltage supply line and a line connected to
the output node and providing at its output either the
high side gate voltage or the voltage at the output
node; further including for each phase leg a semi-
conductor switch connected in parallel with the
series diode and having a gate input by which the
semiconductor switch may be turned on and off, and
a semiconductor switch driver amplifier connected to
receive the low side gate signal at its input and
having an output connected to the input of the high
side driver amplifier, the semiconductor switch
driver amplifier providing a non-inverting output
that is electrically connected to the gate of the
semiconductor switch so that the switch is turned on
when a signal is provided to turn off the high side
switch and is turned off when a signal is provided to
turn on the high side switch, wherein for each phase
leg the series diode is a Schottky diode.
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