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(57) Abstract: A method and apparatus for converting a direct current into an alternating current is disclosed. The load is con-
nected between a first and a second load nodes and a source is connected between a first and a second source nodes. The method
involves producing a positive and negative half cycle of alternating current through the load. The positive half cycle is produced
by causing a first and a second switching control signals to effect a plurality of sub-cycles each comprising a first time period dur-
ing which the first and second switching signals are asserted and a second time period during which the first and second switching
signals are not asserted. During each first time period of each sub-cycle, direct current flows from the first source node then
through a first switch that conducts current from the first source node to a first intermediate node in response to the first switching
signal, then through a first inductor connected between the first intermediate node and the first load node, then through the load,
then through a second inductance connected between the second load node and a second intermediate node, and then through a
second switch that conducts current from the second intermediate node to the second source node in response to the second
switching signal. During each second time period of each sub-cycle, a first shunt control signal is asserted to cause current to flow
through a first unidirectional shunt from the second intermediate node to

[Continued on next page]
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the first intermediate node, then through the first inductor, then through the load node and then through the second inductor back
to the second intermediate node. The negative half cycle is produced by causing a third and a fourth switching control signals to
effect a plurality of sub-cycles each comprising a third time period during which the third and fourth switching signals are asserted
and a fourth time period during which the third and fourth switching signals are not asserted. During the third time period in each
sub-cycle, direct current flows from the first source node, then through a third switch that conducts current from the first source
node to a third intermediate node in response to the third switching signal, then through a third inductor connected between the
third intermediate node and the second load node, then through the load, then through a fourth inductance connected between the
first load node and a fourth intermediate node, and then through a fourth switch that conducts current from the fourth intermediate
node to the second source node in response to the fourth switching signal. During each fourth time period of each sub-cycle, a sec-
ond shunt control signal is asserted to cause current to flow through a second unidirectional shunt from the fourth intermediate
node to the third intermediate node, then through the third inductor, then through the load, then through the fourth inductor back
to the fourth intermediate load node.
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METHOD AND APPARATUS FOR CONVERTING DIRECT CURRENT INTO
AN ALTERNATING CURRENT

BACKGROUND OF THE INVENTION
1. Field of Invention

This invention relates generally to direct current to alternating current

converters.

2. Description of Related Art

Direct current to alternating current (DC/AC) converters generally receive
electrical energy from a direct current (DC) source and employ switches to
convert the DC into alternating current (AC) waveform for powering a load.
The DC source may be a photovoltaic panel or a fuel cell, for example. The
load may include common loads such as motors, lighting components, or
other electrical appliances. Alternatively the DC/AC converter may be

connected to provide power to an AC power grid.

In DC/AC converters, average power flow is generally from the DC source to
the AC load, which is known as inverter mode operation. However, if the load
includes capacitive or inductive components, the DC/AC converter is required
to also receive reactive power back from the load, in which case the converter

must also be able to operate in a rectifier mode of operation.

Various converter circuit configurations may be used to implement DC/AC
converters. In one circuit configuration pairs of series-connected
semiconductor switches are connected in parallel with a DC source to form a
bridge circuit. An AC load is connected between respective common nodes of
the series-connected switch pairs. The semiconductor switches may be
switched in response to high-frequency pulse width modulated control signals

received at respective control inputs of the switches. The control signals
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generally cause the semiconductor switches to conduct current in a time

sequence that produces a substantially sinusoidal AC waveform at the load.

It is generally desirable to configure DC/AC converter circuits to provide good
electromagnetic compatibility (EMC), good conversion efficiency, and good
fault tolerance. As described in US Patent 7,046,534 to Schmidt et al. EMC
performance may be improved by configuring the converter circuit to prevent
common mode voltages at the switching frequency from appearing at the DC
source, while conversion efficiency may be improved by preventing current

flow back to the source when the semiconductor switches are not conducting.

However DC/AC converter circuits, such as the bridge circuit described above
and the circuit described in US Patent 7,046,534, generally include series-
connected switch pairs across the DC source. Such circuits may be
susceptible to failure caused by timing errors in the control signals. For
example, in the event that both of a pair of series-connected switches are
both in a conducting state even for a short period of time, a short circuit
appears across the DC source and can cause a fault current to flow through
the switches. The fault current may damage or destroy the switches and/or
the DC source, possibly resulting in a catastrophic failure of the converter.
Series-connected switches may become simultaneously conducting under a
variety of conditions, such as timing jitter in the control signals, failure of one
or more components in a controller, and/or failure of a power supply for

powering control signal generation circuitry, for example.

Circuits employing series-connected switch pairs thus have little or no
inherent fault tolerance and consequently in such circuits the controi signals
for controlling the switches should be generated such that simultaneous
conduction of series-connected switches can never occur. Commonly, control
signals are generated such that both the first and the second switches of the

series-connected pair are not conducting during a dead-time period when
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commutation of the current between the first switch and the second switch
occurs. The dead-time period must thus be of sufficient duration to ensure
that a fault current condition cannot occur under worst case conditions.
However operating the AC/DC converter with a sufficient time margin may
reduce conversion efficiency and/or increase the total harmonic distortion
(THD) of the AC waveform. Control signal generation should also take into
account all conditions that could result in a fault current flowing. For this
reason, many microprocessor based controllers utilize a digital signal
processor (DSP) having sufficient processing power to implement control

algorithms in real-time, at the cost of increased complexity of control circuitry.

There remains a need for DC/AC converter circuits that are less susceptible to

failure.

SUMMARY OF THE INVENTION

In accordance with one aspect of the invention there is provided a method for
converting a direct current received from a direct current source into an
alternating current at first and second load nodes, the first and second load
nodes for connecting a load, the source being connected to first and second
source nodes, the first source node for receiving direct current from the
source and the second source node for providing a return path for the direct
current to the source. The method involves producing positive and negative
half cycles of alternating current at the first and second load nodes, the
positive half cycle being produced by causing first and second switching
control signals to effect a plurality of positive half cycle switching sub-cycles
by causing the first and second switching control signals to be asserted for a
first time period of the positive half cycle switching sub-cycle and not asserted
for a second time period of the positive half cycle switching sub-cycle. During
each positive half cycle switching sub-cycle direct current flows from the
source through a first supply current path into the first load node for the first

time period. The first supply current path includes a first intermediate node, a
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first switch operable to selectively conduct current from the first source node
to the first intermediate node in response to the first switching control signal,
and a first inductor connected between the first intermediate node and the first
load node. A first return current flows from the second load node through a
first return current path for the first time period. The first return current path
includes a second intermediate node, a second inductor connected between
the second load node and the second intermediate node, and a second switch
operable to selectively conduct current from the second intermediate node to
the second source node in response to the second switching control signal.
During the second time period, a first shunt control signal is asserted to cause
the first return current to flow through a first shunt from the second
intermediate node to the first intermediate node and through the first inductor
back to the first load node, the first shunt being operably configured to prevent
current from flowing from the first intermediate node to the second
intermediate node and to selectively conduct current between the second
intermediate node and the first intermediate node in response to the first
shunt control signal. The negative half cycle is produced by causing third and
fourth switching control signals to effect a plurality of negative half cycle
switching sub-cycles by causing the third and fourth switching control signals
to be asserted for a third time period of the negative half cycle switching sub-
cycle and to be not asserted for a fourth time period of the negative half cycle
switching sub-cycle. During each negative half cycle switching sub-cycle
direct current flows from the source through a second supply current path into
the second load node for the third time period. The second supply current
path includes a third intermediate node, a third switch operable to selectively
conduct current from the first source node to the third intermediate node in
response to the third switching control signal, and a third inductor connected
between the third intermediate node and the second load node. A second
return current flows from the first load node through a second return current
path for the third time period. The second return current path includes a

fourth intermediate node, a fourth inductor connected between the first load
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node and the fourth intermediate node, and a fourth switch operable to
selectively conduct current from the fourth intermediate node to the second
source node in response to the fourth switching control signal. During the
fourth time period, a second shunt control signal is asserted to cause the
second return current to flow through a second shunt from the fourth
intermediate node to the third intermediate node and through the third
inductor back to the second load node, the second shunt being operably
configured to prevent current from flowing from the third intermediate node to
the fourth intermediate node and to selectively conduct current between the
fourth intermediate node and the third intermediate node in response to the

second shunt control signal.

The first shunt may include a fifth current switch and a first diode connected in
series between the second intermediate node and the first intermediate node,
the fifth current switch being operable to conduct current in response to the
first shunt control signal, and the first diode being operable to block current

flow between the first intermediate node and the second intermediate node.

The second shunt may include a sixth current switch and a second diode
connected in series between the fourth intermediate node and the third
intermediate node, the sixth current switch being operable to conduct current
in response to the second shunt control signal, and the second diode being
operable to block current flow between the third intermediate node and the

fourth intermediate node.

The method may involve producing the first, second, third, and fourth

switching control signals and the first and second shunt control signals.

Producing the first, second, third, and fourth switching control signals may
involve producing first, second, third, and fourth pulse width modulated

switching control signals.
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Producing the first shunt control signal may involve causing the first shunt
control signal to be asserted for substantially all of the positive half cycle,
thereby causing the first shunt to permit current flow during substantially all of
the positive half cycle, and producing the second shunt control signal may
involve causing the second shunt control signal to be asserted for
substantially all of the negative half cycle, thereby causing the second shunt

to permit current flow during substantially all of the negative half cycle.

Producing the first shunt control signal may involve causing the first shunt
control signal to be asserted during the second time periods of the positive
half cycle, thereby causing the first shunt to selectively permit current flow
during the second time periods, and producing the second shunt control
signal may involve causing the second shunt control signal to be asserted
during the fourth time periods of the negative half cycle, thereby causing the

second shunt to selectively permit current flow during the fourth time periods.

Producing the first shunt control signal may involve inverting the first switching
control signal and producing the second shunt control signal may involve

inverting the third switching control signal.

Producing the first shunt control signal may involve causing the first shunt
control signal to be asserted for a first portion of the positive half cycle and
causing the first shunt control signal to be not asserted for a second portion of
the positive half cycle, thereby causing the first shunt to selectively permit
current flow during the first portion of the positive half cycle, and the first
return current flows from the second intermediate node through a third diode
to the first source node and from the second source node through a fourth
diode to the first intermediate node during the second portion of the positive
half cycle, and producing the second shunt control signal may involve causing

the second shunt control signal to be asserted for a first portion of the
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negative half cycle and causing the second shunt control signal to be not
asserted for a second portion of the negative half cycle, thereby causing the
second shunt to selectively permit current flow during the first portion of the
negative half cycle, and the second return current flows from the second
intermediate node through a fifth diode to the first source node and from the
second source node through a sixth diode to the first intermediate node during

the second portion of the negative half cycle.

Producing the first and second switching control signals may involve causing
each of the first and second switching control signals to be asserted to cause
both the first switch and the second switch to permit current flow during the
first time period, and producing the third and fourth switching control signals
may involve causing each of the third and fourth switching control signals to
be asserted to cause both the third switch and the fourth switch to permit

current flow during the third time period.

The method may involve receiving a reference signal representing a desired
output voltage waveform and producing the first, second, third, and fourth
switching control signals and the first and second shunt control signals may
involve producing first, second, third, and fourth switching control signals and

the first and second shunt control signals in response to the reference signal.

The method may involve producing the reference signal.

Producing the reference signal may involve producing a sinusoidal reference
signal having a frequency defining a desired frequency of an output voltage

waveform across the first and second load nodes.

The load may include a power grid load and the method may further involve
receiving a reference signal representing a grid voltage waveform of the

power grid across the first and second load nodes and producing the first,
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second, third, and fourth switching control signals and the first and second
shunt control signals may involve producing first, second, third, and fourth
switching control signals and the first and second shunt control signals in
response to the reference signal to cause an output current to be supplied to

the power grid substantially in phase with the grid voltage waveform.

The load may involve a power grid load and the method may further involve
receiving a signal representing a grid voltage waveform of the power grid
across the first and second load nodes and producing a phase shifted
reference signal in response to receiving the signal representing the grid
voltage waveform, and producing the first, second, third, and fourth switching
control signals and the first and second shunt control signals may involve
producing first, second, third, and fourth switching control signals and the first
and second shunt control signals in response to the phase shifted reference
signal to cause an output current to be supplied to the power grid out of phase

with the grid voltage waveform.

The method may involve, during a portion of the positive half cycle when the
phase shifted reference signal is positive and the signal representing the grid
voltage waveform is negative, causing the first and second switching control
signals to be in a non-asserted state, and causing the first shunt control signal
to effect a plurality of half cycle switching sub-cycles by causing the first shunt
control signal to be asserted for a fifth time period of the positive half cycle
switching sub-cycle and not asserted for a sixth time period of the positive half
cycle switching sub-cycle. During the fifth time period the first return current
flows through the first shunt from the second intermediate node to the first
intermediate node and through the first inductor back to the first load node.
During the sixth time period the first return current flows from the second
intermediate node through a third diode to the first source node and from the
second source node through a fourth diode to the first intermediate node and
through the first inductor back to the first load node. The method also
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involves, during a portion of the negative half cycle when the phase shifted
reference signal is negative and the signal representing the grid voltage
waveform is positive, causing the third and fourth switching control signals to
be in a non-asserted state, and causing the second shunt control signal to
effect a plurality of half cycle switching sub-cycles by causing the second
shunt control signal to be asserted for a seventh time period of the negative
half cycle switching sub-cycle and not asserted for an eighth time period of
the negative half cycle switching sub-cycle. During the seventh time period
the second return current flows through the second shunt from the fourth
intermediate node to the third intermediate node and through the third
inductor back to the second load node. During the eighth time period the
second return current flows from the fourth intermediate node through a fifth
diode to the first source node and from the second source node through a
sixth diode to the third intermediate node and through the third inductor back

to the second load node.

In accordance with another aspect of the invention there is provided an
apparatus for converting a direct current into an alternating current. The
apparatus includes first and second source nodes, the first source node being
operably configured to receive direct current from a direct current source and
the second source node being operably configured to provide a return path for
the direct current from the apparatus to the source. The apparatus also
includes first and second load nodes for supplying alternating current
produced by the apparatus to a load. The apparatus also includes a first
supply current path including a first intermediate node, a first switch operable
to selectively conduct current from the first source node to the first
intermediate node in response to a first switching control signal, and a first
inductor connected between the first intermediate node and the first load
node. The apparatus also includes a first return current path including a
second intermediate node, a second inductor connected between the second

load node and the second intermediate node, and a second switch operable
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to selectively conduct current from the second intermediate node to the
second source node in response to a second switching control signal. The
apparatus further includes a first shunt operably configured to prevent current
from flowing from the first intermediate node to the second intermediate node
and to selectively conduct current between the second intermediate node and
the first intermediate node in response to a first shunt control signal. The
apparatus also includes a second supply current path including a third
intermediate node, a third switch operable to selectively conduct current from
the first source node to the third intermediate node in response to a third
switching control signal, and a third inductor connected between the third
intermediate node and the first load node. The apparatus also includes a
second return current path including a fourth intermediate node, a fourth
inductor connected between the second load node and the fourth intermediate
node, and a fourth current switch operable to selectively conduct current from
the fourth intermediate node to the second source node in response to a
fourth switching control signal. The apparatus further includes a second shunt
operably configured to prevent current from flowing from the third intermediate
node to the fourth intermediate node and to selectively conduct current
between the fourth intermediate node and the third intermediate node in
response to a second shunt control signal. The apparatus also includes a
controller operably configured to generate the first, second, third, and fourth
switching control signals and the first and second shunt control signals to
control the first, second, third, and fourth switches and the first and second
shunts to produce positive and negative half cycles of the alternating current,
the positive half cycle being produced by causing the first and second
switching control signals to effect a plurality of positive half cycle switching
sub-cycles by causing the first and second switching control signals to be
asserted for a first time period of the positive half cycle switching sub-cycle
and not asserted for a second time period of the positive half cycle switching
sub-cycle. During each positive half cycle switching sub-cycle direct current

flows from the source through the first supply current path into the first load
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node for the first time period and a first return current flows from the second
load node through the first return current path for the first time period. During
the second time period, the first shunt control signal is asserted to cause the
first return current to flow through the first shunt from the second intermediate
node to the first intermediate node and through the first inductor back to the
first load node. The negative half cycle is produced by causing the switching
control signals to effect a plurality of negative half cycle switching sub-cycles
by causing the third and fourth switching control signals to be asserted for a
third time period of the negative half cycle switching sub-cycle and to be not
asserted for a fourth time period of the negative half cycle switching sub-
cycle. During each negative half cycle switching sub-cycle direct current flows
from the source through the second supply current path into the second load
node for the third time period, and a second return current flows from the first
load node through the second return current path for the third time period.
During the fourth time period, the second shunt control signal is asserted to
cause the second return current to flow through the second shunt from the
fourth intermediate node to the third intermediate node and through the third

inductor back to the second load node.

The second shunt may include a sixth current switch and a second diode
connected in series between the fourth intermediate node and the third
intermediate node, the sixth current switch being operable to conduct current
in response to the second shunt control signal, and the second diode being
operable to block current flow between the third intermediate node and the

fourth intermediate node.

The apparatus may include a capacitor connected between the first and
second load nodes, the capacitor being operable, in combination with the first,
second, third, and fourth inductors, to attenuate alternating current frequency
components at frequencies other than a fundamental frequency associated
with the alternating current waveform.
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The apparatus may include a controller operably configured to produce the
first, second, third, and fourth switching control signals and the first and

second shunt control signals.

The controller may be operably configured to produce first, second, third, and

fourth pulse width modulated switching control signals.

The controller may be operably configured to produce the first shunt control
signal by causing the first shunt control signal to be asserted for substantially
all of the positive half cycle, thereby causing the first shunt to permit current
flow during substantially all of the positive half cycle, and the controller is
operably configured to produce the second shunt control signal by causing the
second shunt control signal to be asserted for substantially all of the negative
half cycle, thereby causing the second shunt to permit current flow during

substantially all of the negative half cycle.

The controller may be operably configured to produce the first shunt control
signal by causing the first shunt control signal to be asserted during the
second time periods of the positive half cycle, thereby causing the first shunt
to selectively permit current flow during the second time periods, and the
controller is operably configured to produce the second shunt control signal by
causing the second shunt control signal to be asserted during the fourth time
periods of the negative half cycle, thereby causing the second shunt to

selectively permit current flow during the fourth time periods.

The controller may be operably configured to produce the first shunt control
signal by inverting the first switching control signal and to produce the second

shunt control signal by inverting the third switching control signal.
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The apparatus may include a third diode connected to conduct current
between the second intermediate node and the first source node, a fourth
diode connected to conduct current between the second source node and the
first intermediate node, a fifth diode connected to conduct current between the
fourth intermediate node and the first source node, and a sixth diode
connected to conduct current between the second source node and the third
intermediate node, and the controller may be operably configured to produce
the first shunt control signal by causing the first shunt control signal to be
asserted for a first portion of the positive half cycle and causing the first shunt
control signal to be not asserted for a second portion of the positive half cycle,
thereby causing the first shunt to selectively permit current flow during the first
portion of the positive half cycle, and the first return current flows from the
second intermediate node through the third diode to the first source node and
from the second source node through the fourth diode to the first intermediate
node during the second portion of the positive half cycle, and produce the
second shunt control signal by causing the second shunt control signal to be
asserted for a first portion of the negative half cycle and causing the second
shunt control signal to be not asserted for a second portion of the negative
half cycle, thereby causing the second shunt to selectively permit current flow
during the first portion of the negative half cycle, and the second return
current flows from the second intermediate node through the fifth diode to the
first source node and from the second source node through the sixth diode to
the first intermediate node during the second portion of the negative half

cycle.

The controller may be operably configured to produce the first and second
switching control signals by causing each of the first and second switching
control signals to be asserted to cause both the first switch and the second
switch to permit current flow during the first time period, and produce the third

and fourth switching control signals by causing each of the third and fourth
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switching control signals to be asserted to cause both the third switch and the

fourth switch to permit current flow during the third time period.

The controller may be operably configured to receive a reference signal
representing a desired output voltage waveform and to produce the first,
second, third, and fourth switching control signals and the first and second

shunt control signals in response to the reference signal.

The controller may be operably configured to produce the reference signal.

The controller may be operably configured to produce a sinusoidal reference
signal having a frequency defining a desired frequency of an output voltage

waveform across the first and second load nodes.

The load may include a power grid load and the controller may be operably
configured to receive a reference signal representing a grid voltage waveform
of the power grid across the first and second load nodes and to produce the
first, second, third, and fourth switching control signals and the first and
second shunt control signals in response to the reference signal to cause an
output current to be supplied to the power grid substantially in phase with the

grid voltage waveform.

The load may include a power grid load and the controller may be operably
configured to receive a signal representing a grid voltage waveform of the
power grid across the first and second load nodes, produce a phase shifted
reference signal in response to receiving the signal representing the grid
voltage waveform, and produce the first, second, third, and fourth switching
control signals and the first and second shunt control signals in response to
the phase shifted reference signal to cause an output current to be supplied to

the power grid out of phase with the grid voltage waveform.
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The controller may be operably configured to cause the first and second
switching control signals to be in a non-asserted state during a portion of the
positive half cycle when the phase shifted reference signal is positive and the
signal representing the grid voltage waveform is negative and to cause the
first shunt control signal to effect a plurality of half cycle switching sub-cycles
by causing the first shunt control signal to be asserted for a fifth time period of
the positive half cycle switching sub-cycle and not asserted for a sixth time
period of the positive half cycle switching sub-cycle during the portion of the
positive half cycle. During the fifth time period the first return current flows
through the first shunt from the second intermediate node to the first
intermediate node and through the first inductor back to the first load node,
and during the sixth time period the first return current flows from the second
intermediate node through a third diode to the first source node and from the
second source node through a fourth diode to the first intermediate node and
through the first inductor back to the first load node. The controller may also
be operably configured to cause the third and fourth switching control signals
to be in a non-asserted state during a portion of the negative half cycle when
the phase shifted reference signal is negative and the signal representing the
grid voltage waveform is positive to cause the second shunt control signal to
effect a plurality of half cycle switching sub-cycles by causing the second
shunt control signal to be asserted for a seventh time period of the negative
half cycle switching sub-cycle and not asserted for an eighth time period of
the negative half cycle switching sub-cycle during the portion of the negative
half cycle. During the seventh time period the second return current flows
through the second shunt from the fourth intermediate node to the third
intermediate node and through the third inductor back to the second load
node, and during the eighth time period the second return current flows from
the fourth intermediate node through a fifth diode to the first source node and
from the second source node through a sixth diode to the third intermediate

node and through the third inductor back to the second load node.
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The first shunt may include a fifth current switch and a first diode connected in
series between the second intermediate node and the first intermediate node,
the fifth current switch being operable to conduct current in response to the
first shunt control signal, and the first diode being operable to block current

flow between the first intermediate node and the second intermediate node.

The first and second load nodes may include respective first and second load
terminals operably configured to facilitate connecting the load to the first and

second load nodes.

The first and second source nodes may include respective first and second
source terminals operably configured to facilitate connecting the source to the
first and second source nodes.

In accordance with another aspect of the invention there is provided an
apparatus for converting a direct current into an alternating current. The
apparatus includes first and second source nodes, the first source node being
operably configured to receive direct current from a direct current source and
the second source node being operably configured to provide a return path for
the direct current from the apparatus to the source. The apparatus also
includes first and second load nodes for supplying alternating current
produced by the apparatus to a load. The apparatus also includes a first
supply current path including a first intermediate node, a first switch operable
to selectively conduct current from the first source node to the first
intermediate node in response to a first switching control signal, and a first
inductor connected between the first intermediate node and the first load
node. The apparatus also includes a first return current path including a
second intermediate node, a second inductor connected between the second
load node and the second intermediate node, and a second switch operable
to selectively conduct current from the second intermediate node to the

second source node in response to a second switching control signal. The
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apparatus further includes a first shunt operably configured to prevent current
from flowing from the first intermediate node to the second intermediate node
and to selectively conduct current between the second intermediate node and
the first intermediate node in response to a first shunt control signal. The
apparatus also includes a second supply current path including a third
intermediate node, a third switch operable to selectively conduct current from
the first source node to the third intermediate node in response to a third
switching control signal, and a third inductor connected between the third
intermediate node and the first load node. The apparatus also includes a
second return current path including a fourth intermediate node, a fourth
inductor connected between the second load node and the fourth intermediate
node, and a fourth current switch operable to selectively conduct current from
the fourth intermediate node to the second source node in response to a
fourth switching control signal. The apparatus further includes a second shunt
operably configured to prevent current from flowing from the third intermediate
node to the fourth intermediate node and to selectively conduct current
between the fourth intermediate node and the third intermediate node in
response to a second shunt control signal. The apparatus also includes
controlling provisions for generating the first, second, third, and fourth
switching control signals and the first and second shunt control signals to
control the first, second, third, and fourth switches and the first and second
shunts to produce positive and negative half cycles of the alternating current,
the positive half cycle being produced by causing the first and second
switching control signals to effect a plurality of positive half cycle switching
sub-cycles by causing the first and second switching control signals to be
asserted for a first time period of the positive half cycle switching sub-cycle
and not asserted for a second time period of the positive half cycle switching
sub-cycle. During each positive half cycle switching sub-cycle direct current
flows from the source through the first supply current path into the first load
node for the first time period, and a first return current flows from the second

load node through the first return current path for the first time period. During
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the second time period, the first shunt control signal is asserted to cause the
first return current to flow through the first shunt from the second intermediate
node to the first intermediate node and through the first inductor back to the
first load node. The negative half cycle is produced by causing the switching
control signals to effect a plurality of negative half cycle switching sub-cycles
by causing the third and fourth switching control signals to be asserted for a
third time period of the negative half cycle switching sub-cycle and to be not
asserted for a fourth time period of the negative half cycle switching sub-
cycle. During each negative half cycle switching sub-cycle direct current flows
from the source through the second supply current path into the second load
node for the third time period, and a second return current flows from the first
load node through the second return current path for the third time period.
During the fourth time period, the second shunt control signal is asserted to
cause the second return current to flow through the second shunt from the
fourth intermediate node to the third intermediate node and through the third

inductor back to the second load node.

The controller provisions may include provisions for producing first, second,

third, and fourth pulse width modulated switching control signals.

The controller provisions may include provisions for producing the first shunt
control signal by causing the first shunt control signal to be asserted for
substantially all of the positive half cycle, thereby causing the first shunt to
permit current flow during substantially all of the positive half cycle, and the
controller provisions may include provisions for producing the second shunt
control signal by causing the second shunt control signal to be asserted for
substantially all of the negative half cycle, thereby causing the second shunt

to permit current flow during substantially all of the negative half cycle.

The controller provisions may include provisions for producing the first shunt

control signal by causing the first shunt control signal to be asserted during
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the second time periods of the positive half cycle, thereby causing the first
shunt to selectively permit current flow during the second time periods, and
the controller provisions may include provisions for producing the second
shunt control signal by causing the second shunt control signal to be asserted
during the fourth time periods of the negative half cycle, thereby causing the

second shunt to selectively permit current flow during the fourth time periods.

The controller provisions may include provisions for inverting the first
switching control signal and the third switching control signal to respectively
produce the second switching control signal and the fourth switching control

signal.

The apparatus may include a third diode connected to conduct current
between the second intermediate node and the first source node, a fourth
diode connected to conduct current between the second source node and the
first intermediate node, a fifth diode connected to conduct current between the
fourth intermediate node and the first source node, and a sixth diode
connected to conduct current between the second source node and the third
intermediate node, and the controller provisions may include provisions for
producing the first shunt control signal by causing the first shunt control signal
to be asserted for a first portion of the positive half cycle and causing the first
shunt control signal to be not asserted for a second portion of the positive half
cycle, thereby causing the first shunt to selectively permit current flow during
the first portion of the positive half cycle, and the first return current flows from
the second intermediate node through the third diode to the first source node
and from the second source node through the fourth diode to the first
intermediate node during the second portion of the positive half cycle, and
provisions for producing the second shunt control signal by causing the
second shunt control signal to be asserted for a first portion of the negative
half cycle and causing the second shunt control signal to be not asserted for a

second portion of the negative half cycle, thereby causing the second shunt to
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selectively permit current flow during the first portion of the negative half
cycle, and the second return current flows from the second intermediate node
through the fifth diode to the first source node and from the second source
node through the sixth diode to the first intermediate node during the second

portion of the negative half cycle.

The controller provisions may include provisions for producing the first and
second switching control signals by causing each of the first and second
switching control signals to be asserted to cause both the first switch and the
second switch to permit current flow during the first time period, and
provisions for producing the third and fourth switching control signals by
causing each of the third and fourth switching control signals to be asserted to
cause both the third switch and the fourth switch to permit current flow during

the third time period.

The controller provisions may include provisions for receiving a reference
signal representing a desired output voltage waveform and provisions for
producing the first, second, third, and fourth switching control signals and the

first and second shunt control signals in response to the reference signal.

The controller provisions may include provisions for producing the reference

signal.

The controller provisions may include provisions for producing a sinusoidal
reference signal having a frequency defining a desired frequency of an output

voltage waveform across the first and second load nodes.

The load may include a power grid load and the controller provisions may
include provisions for receiving a reference signal representing a grid voltage
waveform of the power grid across the first and second load nodes and

provisions for producing the first, second, third, and fourth switching control
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signals and the first and second shunt control signals in response to the
reference signal to cause an output current to be supplied to the power grid

substantially in phase with the grid voltage waveform.

The load may include a power grid load and the controller provisions may
include provisions for receiving a signal representing a grid voltage waveform
of the power grid across the first and second load nodes, provisions for
producing a phase shifted reference signal in response to receiving the signal
representing the grid voltage waveform, and provisions for producing the first,
second, third, and fourth switching control signals and the first and second
shunt control signals in response to the phase shifted reference signal to
cause an output current to be supplied to the power grid out of phase with the

grid voltage waveform.

The controller provisions may include provisions for causing the first and
second switching control signals to be in a non-asserted state during a portion
of the positive half cycle when the phase shifted reference signal is positive
and the signal representing the grid voltage waveform is negative, provisions
for causing the first shunt control signal to effect a plurality of half cycle
switching sub-cycles by causing the first shunt control signal to be asserted
for a fifth time period of the positive half cycle switching sub-cycle and not
asserted for a sixth time period of the positive half cycle switching sub-cycle
during the portion of the positive half cycle. During the fifth time period the
first return current flows through the first shunt from the second intermediate
node to the first intermediate node and through the first inductor back to the
first load node, and during the sixth time period the first return current flows
from the second intermediate node through a third diode to the first source
node and from the second source node through a fourth diode to the first
intermediate node and through the first inductor back to the first load node.
The controller provisions may also include provisions for causing the third and

fourth switching control signals to be in a non-asserted state during a portion
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of the negative half cycle when the phase shifted reference signal is negative
and the signal representing the grid voltage waveform is positive, and
provisions for causing the second shunt control signal to effect a plurality of
half cycle switching sub-cycles by causing the second shunt control signal to
be asserted for a seventh time period of the negative half cycle switching sub-
cycle and not asserted for an eighth time period of the negative half cycle
switching sub-cycle during the portion of the negative half cycle. During the
seventh time period the second return current flows through the second shunt
from the fourth intermediate node to the third intermediate node and through
the third inductor back to the second load node, and during the eighth time
period the second return current flows from the fourth intermediate node
through a fifth diode to the first source node and from the second source node
through a sixth diode to the third intermediate node and through the third

inductor back to the second load node.

Other aspects and features of the present invention will become apparent to
those ordinarily skilled in the art upon review of the following description of
specific embodiments of the invention in conjunction with the accompanying

figures.

BRIEF DESCRIPTION OF THE DRAWINGS

In drawings which illustrate embodiments of the invention,

Figure 1 is a schematic diagram of an apparatus for converting a direct
current into an alternating current according to a first embodiment

of the invention:

Figure 2 is a block diagram of a processor circuit used to implement a

controller for controlling the apparatus shown in Figure 1;
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Figure 3 is a graphical depiction of control signals produced by the
controller shown in Figure 2 when operating in accordance with

one embodiment if the invention;

Figure 4 is a graphical depiction of control signals produced by the
controller shown in Figure 2 when operating in accordance with an

alternative embodiment if the invention; and

Figure 5 is a graphical depiction of control signals produced by the
controller shown in Figure 2 when operating to supply power to a
power grid load in accordance with an alternative embodiment if

the invention.

DETAILED DESCRIPTION

Referring to Figure 1, an apparatus for converting a direct current into an
alternating current in accordance with a first embodiment of the invention is
shown generally at 100. The apparatus 100 includes first and second source
nodes 102 and 104. The first source node 102 is operably configured to
receive direct current from a DC source 106 and the second source node 104
is operably configured to provide a return path for the direct current from the
apparatus 100 to the DC source 106. The apparatus 100 also includes first
and second load nodes 108 and 110 for supplying alternating current
produced by the apparatus 100 to a load 112. The source nodes 102 and 104
and the load nodes 108 and 110 may comprise electrical terminals such as

screw terminals, spade lugs, or socket terminals, for example.

A first supply current path 113 through the apparatus 100 includes a first
intermediate node 114 and a first switch (Q1) 116 connected between the first
source node 102 and the first intermediate node 114. The first switch 116 is

operable to selectively conduct current from the first source node 102 to the
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first intermediate node 114 in response to a first switching control signal Q1on.
The apparatus 100 also includes a first inductor (L1) 118 connected between

the first intermediate node 114 and the first load node 108.

A first return current path 119 through the apparatus 100 includes a second
intermediate node 120 and a second inductor (L2) 122 connected between
the second load node 110 and the second intermediate node. The first return
current path 119 also includes a second switch (Q2) 124 connected between
the second intermediate node 120 and the second source node 104. The
second switch 124 is operable to selectively conduct current from the second
intermediate node 120 to the second source node 104 in response to a

second switching control signal Q2.

The apparatus 100 further includes a first shunt 126 connected between the
first and second intermediate nodes 114 and 120. The first shunt 126 is
operably configured to prevent current from flowing from the first intermediate
node 114 to the second intermediate node 120 and to selectively conduct
current between the second intermediate node and the first intermediate node

in response to a first shunt control signal Q5.

A second supply current path 127 through the apparatus 100 includes a third
intermediate node 128 and a third switch (Q3) 130 connected between the
first source node 102 and the third intermediate node. The third switch 130 is
operable to selectively conduct current from the first source node 102 to the
third intermediate node 128 in response to a third switching control signal
Q3,.. The apparatus 100 also includes a third inductor (L3) 132 connected

between the third intermediate node 128 and the second load node 110.

A second return current path 133 through the apparatus 100 includes a fourth
intermediate node 134 and a fourth inductor (L4) 136 connected between the

first load node 108 and the fourth intermediate node. The second return
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current path 133 also includes a fourth current switch (Q4) 138 connected
between the fourth intermediate node 134 and the second source node 104.
The fourth current switch 138 is operable to selectively conduct current from
the fourth intermediate node 134 to the second source node 104 in response

to a fourth switching control signal Q4.

The apparatus 100 further includes a second shunt 140 connected between
the third and fourth intermediate nodes 128 and 134. The second shunt 140
is operably configured to prevent current from flowing from the third
intermediate node 128 to the fourth intermediate node 134 and to selectively
conduct current between the fourth intermediate node and the third

intermediate node in response to a second shunt control signal Q6on.

In the embodiment shown, the first shunt 126 includes a fifth switch (Q5) 164
and a first diode (D1) 166 connected in series between the first intermediate
node 114 and the second intermediate node 120. The first diode 166 blocks
current from flowing from the first intermediate node 114 to the second
intermediate node 120, and permits current flow from the second intermediate
node to the first intermediate node when the fifth switch 164 is switched on.
Similarly, in this embodiment, the second shunt 140 includes a sixth switch
(Q6) 168 and a second diode (D2) 170 connected in series between the third
intermediate node 128 and the fourth intermediate node 134. The second
diode 170 blocks current flowing from the third intermediate node 128 to the
fourth intermediate node 134, and permits current flow from the fourth
intermediate node to the third intermediate node when the sixth switch 168 is

switched on.

In embodiment shown, Q1 to Q6 are semiconductor switches such as an
insulated gate bipolar transistor (IGBT), a metal-oxide—-semiconductor field-
effect transistor (MOSFET), a bipolar junction transistor (BJT), or a junction

field-effect transistor (JFET). The first switch 116 includes a control signal
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input 156 for receiving the first switching control signal Q1on for controlling the
conduction state of the first switch between an “on” state, where the switch
conducts current, and an “off’ state, where the switch conducts no more than
a small leakage current. Similarly the switches Q2 to Q6 each include
respective control signal inputs 158, 160, 162, 165, and 167 for receiving
respective control signals Q2on, Q3n, Qdon, Q50n, and Q6o for controlling the

conduction state of the respective switches.

In the embodiment shown in Figure 1, the apparatus 100 also includes a third
diode (D3) 184 connected to conduct current between the second
intermediate node 120 and the first source node 102, and a fourth diode (D4)
186 connected to conduct current between the second source node 104 and
the first intermediate node 114. The apparatus 100 also optionally includes a
fifth diode (D5) 188 connected to conduct current between the fourth
intermediate node 134 and the first source node 102, and a sixth diode (D6)
190 connected to conduct current between the second source node 104 and
the third intermediate node 128. If included, the third, fourth, fifth and sixth
diodes 184, 186, 188, and 190 provide a current path back to the DC source
106 when none of the first, second, third or fourth switches 116, 124, 130 and

138, or the shunts 126 and 140 are conducting, as described later herein.

In the embodiment shown in Figure 1, the apparatus 100 also includes a
capacitor 196 (C1). The capacitor 196, together with the inductors 118, 122,
132, and 136 provide low pass filtering of the alternating current by
attenuating alternating current frequency components at frequencies other
than a fundamental frequency associated with the alternating current
waveform. For example, a capacitance value of the capacitor 196 and
inductance values of the inductors 118, 122, 132, and 136 may be selected to
provide negligible attenuation at power grid frequencies (e.g. 50Hz or 60Hz)
and high attenuation of higher harmonics of the power grid frequency that

would otherwise cause distortion of the output alternating current waveform.
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In the circuit configuration shown in Figure 1, additional circuit components
may also be included (not shown) to provide further filtering of DC source
current and/or AC output current. For example, such circuit components may
include a capacitor across the source nodes 102 and 104 for filtering the DC

source current.

In one embodiment the apparatus 100 may be configured as a grid-tied
inverter that provides AC current to a power grid load, in which case the load
112 is the power grid, and the load nodes 108 and 110 are connected to the
power grid. In other embodiments the apparatus 100 may be configured for
islanded operation in which the apparatus provides AC current to a local load

112, which is not connected to a power grid.

Controller

The apparatus 100 further includes a controller 142, which includes a plurality
of outputs 144, 146, 148 and 150 for generating the first, second, third, and
fourth switching control signals Q1on, Q20n, Q30n, and Q4,, and outputs 152
and 154 for producing the first and second shunt control signals Q5,, and
Q6,.. The outputs 144, 146, 148 and 150 of the controller 142 are coupled to
respective control signal inputs 156, 158, 160, and 162 of Q1 — Q4 and the
outputs 152 and 154 are coupled to the control signal inputs 165 and 167 of
Q5 and Q6 respectively. The switching control signals Q1,n - Q4. are
operable to control the first, second, third, and fourth switches 116, 124, 130,
and 138 and the shunt control signals Q5,, and Q6,, are operable to control
respective first and second shunts 126 and 140 to produce positive and
negative half cycles of an AC output waveform at the first and second load
nodes 108 and 110. In one embodiment the controller produces control
signals Q1o - Q6,, with voltage and current levels suitable for driving the
switches Q1 — Q6 directly, and may be coupled directly to the respective
control signal inputs 156, 158, 160, 162, 165, and 167. In other embodiments

the control signals Q1,, - Q6,n may be logic level signals and the apparatus
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100 may further include driver circuitry (not shown) for converting the logic
level signals into suitable control signals for driving the respective switches
Q1 - Q6.

Referring to Figure 2, in one embodiment the controller 142 may be
implemented using a processor circuit as shown generally at 200. In this
embodiment, the processor circuit 200 includes a microprocessor 202, a
program memory 204, a random access memory (RAM) 206, and an input
output port (I/O) 208, all of which are in communication with the

microprocessor 202.

Program codes for directing the microprocessor 202 to carry out various
functions are stored in the program memory 204, which may be implemented

as a flash memory, for example.

The /O port 208 includes an interface 210 having a first input 212 for
receiving a voltage reference signal v or a grid voltage signal Vgiqg
representing a voltage waveform of a power grid. The 1/O port 208 further
includes the outputs 144, 146, 148, 150, 152, and 154 for producing the

control signals Q1on - Q64p-

The RAM 206 may include volatile and/or non-volatile memory and provides
storage for operating parameters and local storage for variables used during

operation in accordance with the program codes.

In general, the program codes in the program memory 204 direct the
microprocessor 202 to receive the reference signal v or the grid voltage
signal vgrig at the input 212 of the /O port 208 and to produce the first, second,
third, and fourth switching control signals (Q1,, - Q4qn) at the outputs 144,
146, 148, and 150, and the first and second shunt control signals Q5., and

Q6,n at the outputs 152 and 154 to cause an alternating current to be supplied
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to the load 112. The reference signal vies may be generated externally to the
processor circuit 200, for example by an external signal generator (not
shown). Alternatively, the program codes in the program memory 204 may
direct the microprocessor 202 to generate the reference signal v internally
by producing a set of digital values representing voltages defining a reference
signal waveform. Such values may be generated using processor circuit
timing functions that use a microprocessor clock signal as a timing reference,

for example.

The processor circuit 200 may be implemented using a general purpose
microprocessor, or alternatively may be implemented using a digital signal
processing (DSP) processor such as the TMS320LF2407APGE processor
produced by Texas Instruments of Dallas, Texas, for example. The
TMS320LF2407APGE processor is optimized for digital motor control and
power conversion applications and thus generally works well in this
application. In other embodiments (not shown), the controller processor
circuit 200 may be partly or fully implemented using a hardware circuit
including analog electronic components, and/or discrete logic circuits, for
example. Various other analog electronic components, and/or discrete logic
circuits may be used to provide interfacing between the apparatus 100 and

the processor circuit 200.

A positive half cycle of the alternating current waveform is produced by
causing the first and second switching control signals Q1,, and Q2,, and the
first and second shunt control signal Q5. to be asserted to effect a plurality of
positive half cycle switching sub-cycles. During a first time period of each
positive half cycle switching sub-cycle when the first and second switching
control signals Q1,, and Q2,, are asserted, direct current flows from the DC
source 106 through the first supply current path 113 into the first load node
108, and a first return current flows from the second load node 110 through

the first return current path 119 to the second source node 104. During a
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second time period of each positive half cycle switching sub-cycle when the
first and second switching control signals Q1,, and Q2,, are not asserted, the
first shunt control signal Q5,, is asserted and the return current flows through
the first shunt 126 along a first shunt current path 192 from the second

intermediate node 120 to the first intermediate node 114.

The negative half cycle of the alternating current waveform is produced by
causing the third and fourth switching control signals Q3., and Q4,, and the
second shunt control signal Q6,, to be asserted to effect a plurality of
negative half cycle switching sub-cycles. During a third time period of each
negative half cycle switching sub-cycle when the third and fourth switching
control signals Q3,, and Q4,, are asserted, direct current flows from the DC
source 106 through the second supply current path 127 into the second load
node 110, and a second return current flows from the first load node 108
through the second retum current path 133. During a fourth time period of
each negative half cycle switching sub-cycle when the third and fourth
switching control signals Q3,, and Q4,, are not asserted, the second shunt
control signal Q6,, is asserted and the second return current flows through
the second shunt 140 along a second shunt current path 194 from the fourth

intermediate node 134 to the third intermediate node 128.

In this embodiment, each of the switches Q1 to Q6 also includes a respective
anti-parallel diode 172, 174, 176, 178, 180, and 182 connected across the
switch. Semiconductor switches are generally available with an anti-parallel
diode co-packaged together with the switch. Most semiconductor switches
generally only permit current flow in one direction, and the inclusion of an anti-
parallel diode facilitates bi-directional current flow through the combination of

switch and anti-parallel diode.

In the circuit configuration shown in Figure 1, the first shunt 126 conducts

current during the positive half cycle when the first and second switches 116
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and 124 are not conducting and the second shunt 140 conducts current
during the positive half cycle when the third and fourth switches 130 and 138
are not conducting. Advantageously, shunting the current through respective
shunts 126 and 140 provides a path for current flow when the first and second
switches 116 and 124 or the third and fourth switches 130 and 138 are not
conducting, without retuming current through the anti-parallel diodes 172,
174, 176, 178, 180, and 182 to the DC source 106. Returning current through
anti-parallel diodes to the DC source is generally associated with higher
conversion losses. Accordingly in the apparatus 100, the anti-parallel diodes
172, 174, 176, 178, 180, and 182 are only included for transient protection
and are not required to conduct supply or return currents. Consequently, in
the circuit configuration shown in Figure 1, anti-parallel diodes that have a
lower current rating than required in conventional inverter circuits may be

used.

Grid-tied Operation

The operation of the apparatus 100 shown in Figure 1 to supply AC current to

a power grid load 112 is described with reference to Figure 1 and Figure 3.
Referring to Figure 1, in grid-tied operation, the load nodes 108 and 110 of the
apparatus 100 are connected to a power grid. Generally, the power grid acts
as a low impedance voltage source, and the apparatus 100 is controlled to act
as a current source for supplying an output current to the power grid at the
first and second load nodes 108 and 110. In grid-tied operation, the
apparatus 100 further includes a voltage sensor 198 connected between the
first and second load nodes 108 and 110 for sensing the voltage v, appearing
across the first and second load nodes. In this embodiment, the voltage v, is
the power grid voltage. The voltage sensor 198 produces a grid voltage
signal vgiq representing the power grid voltage and having a suitable
amplitude for coupling to the input 212 of the I/O port 208 shown in Figure 2
and having a frequency and phase corresponding to the frequency and phase

of a waveform of the power grid voltage at the load nodes 108 and 110. The
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interface 210 (shown in Figure 2) may include an analog-to-digital converter
for converting an analog grid voltage signal vgig into a digital representation

thereof.

Referring to Figure 3, a waveform of the reference signal v is shown
generally at 240. The reference signal v has a waveform that generally
corresponds to the grid voltage signal vgiq produced by the voltage sensor
198, and this embodiment the waveforms of the reference signal vy and the
grid voltage signal vgiq are in phase. In other embodiments the reference
signal v may be shifted in phase with respect to the grid voltage signal vgriq
to cause an output AC current waveform to be produced that is out of phase
with the grid voltage waveform. The waveform of the reference signal vies

includes periodically repeating positive and negative half-cycles 242 and 244.

A waveform of the first and second switching control signals Q1o and Q2,, is
shown at 246. The first and second switching control signals Q1,, and Q2.
control the respective conduction states of the first and second switches 116
and 124 during the positive half cycle 242. In this embodiment the first and
second switching control signals Q1,n and Q2,, have substantially the same
waveforms and accordingly the first and second switches 116 and 124 are
switched substantially simultaneously. However, it should be understood that
actual signals for driving respective control inputs 156 and 158 of first and
second switches 116 and 124 may be level shifted as required for driving the
particular switching devices Q1 and Q2 that are used in the apparatus 100.
The first and second switching control signals Q1. and Q2,, include a
plurality of positive half cycle switching sub-cycles 250. During each sub-
cycle 250, the first and second switching control signals Q1,, and Q2,, are in
an asserted state for a first time period 252 and in a non-asserted state for a
second time period 254. In this embodiment, a duty cycle of the switching first
and second control signals Q1,, and Q2,, is pulse width modulated such that

the first time periods 252 of the switching sub-cycles 250 occupy
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progressively greater proportions of the sub-cycle than the second time
periods 254, towards a peak 243 of the positive half-cycle 242. The first time
periods 252 also occupy progressively lesser proportions of the sub-cycle
than the second time periods 254 as the output current waveform approaches

zero crossings (as shown at 245 and 247 in Figure 3).

Referring back to Figure 1, when the first switching control signal Q1on is
asserted, the first switch 116 is switched on to conduct current from the DC
source 106 to the power grid load 112 along the first supply current path 113
and accordingly, current flows from the first source node 102, to the first
intermediate node 114, through the first inductor 118, and to the first load
node 108. When the second switching control signal Q2,, is asserted, the
second switch 124 is switched on to conduct current along the first return
current path 119 to the DC source 106 and accordingly, current flows back
from the power grid load 112, from the second load node 110, through the
second inductor 122, to the second intermediate node 120, and back to the
second source node 104. During respective first time periods 252 (shown in
Figure 3), when current flows along the first supply current path 113 and the
first return current path 119, the first diode 166 is reverse biased, thus
blocking current from flowing between the first intermediate node 114 and the
second intermediate node 120. During the positive half cycles 242 the third
and fourth switches 130 and 138 are switched off.

Referring back to Figure 3, a waveform of the first shunt control signal Q5.
for controlling the conduction state of the fifth switch 164 is shown at 248. In
this embodiment the first shunt control signal Q5. is asserted for substantially
the entire positive half cycle 242, thereby causing the fifth switch 164 to be on
for substantially the entire positive half cycle. In an alternative embodiment,
the first switching control signal Q1,, (or the second switching control signal
Q2,,) may be inverted to produce the first shunt control signal Q5,,, such that

the first shunt control signal is asserted when the first and second switching
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control signals Q1,, and Q2,, are not asserted. In this alternative
embodiment, during the positive half cycle the fifth switch 164 is switched on
to permit current flow through the shunt 126 when the first and second

switches 116 and 124 are switched off.

When the first and second switching control signals Q1,, and Q2,, are not
asserted, the first and second switches 116 and 124 are switched off thus
interrupting the flow of current from the DC source 106 (except for a small
leakage current through the first and second switches). However, the
inductors 118 and 122 act to oppose changes in current flow, and current
continues to flow into the first load node 108 and back from the second load
node 110, and is shunted through the first shunt current path 192 between the
second intermediate node 120 and the first intermediate node 114. The first
shunt current path 192 thus provides a path through the fifth switch 164 and
the first diode 166 for the first return current during the second time periods
254, and consequently the first return current does not flow back to the DC
source 106 through the third and fourth diodes 184 and 186 or the anti-
parallel diodes 176 and 178.

The AC output current waveform ip is shown at 266 in Figure 3. An
instantaneous amplitude of the positive half cycle of the output current ig is
proportional to the time for which the first and second switching control signals
Q1,,and Q2,, are asserted. At a peak 268 of the output current waveform i,
the first and second switching control signals Q1,, and Q2,, are predominantly
in an asserted state, while proximate zero crossings of the output current
waveform at 270, the first and second switching control signals are
predominantly in a non-asserted state. The inductors 118 and 122 resist
changes in current flow and thus produce a generally smooth sinusoidal
positive half cycle of the output current waveform i, at the load nodes 108 and
110.
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Still referring to Figure 3, a waveform of the third and fourth switching control
signals Q3,n, and Q4,, is shown at 262. The third and fourth switching control
signals Q3,, and Q4,, control the respective conduction states of the third and
fourth switches 130 and 138 during the negative half cycle 244. The third and
fourth switching control signals Q3,, and Q4. include a plurality of negative
half cycle switching sub-cycles 256. During each sub-cycle 256, the third and
fourth switching control signals Q3,, and Q4. are in an asserted state for a
third time period 258 and in a non-asserted state for a fourth time period 260.
As in the case of the first and second switching control signals Q1,, and Q2on,
the third and fourth switching control signals Q3,, and Q4,, are pulse width
modulated and have the same waveform timing, and thus in this embodiment,
the third and fourth switches 130 and 138 are switched substantially

simultaneously.

Referring back to Figure 1, when the third switching control signal Q3. is
asserted, the third switch 130 is switched on to conduct current from the DC
source 106 to the power grid load 112 along the second supply current path
127, and accordingly current flows from the first source node 102, to the third
intermediate node 128, through the third inductor 132, and to the second load
node 110. When the fourth switching control signal Q4,, is asserted, the
fourth switch 138 is switched on to conduct current from the power grid load
112 to the DC source 106 along the second return current path 133, and
accordingly current flows from the first load node 108, through the fourth
inductor 136, to the fourth intermediate node 134, and back to the second
source node 104. During respective third time periods 258 (shown in Figure
3) when current flows along the second supply current path 127 and the
second return current path 133, the second diode 170 is reverse biased, thus
blocking current from flowing between the third intermediate node 128 and the
fourth intermediate node 134. During the negative half cycles 244 the first

and second switches 116 and 124 are switched off.
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Referring back to Figure 3, a waveform of the second shunt control signal
Q6,,, for controlling the conduction state of the sixth switch 168 is shown at
264. In this embodiment the second shunt control signal Q6,, is asserted for
substantially the entire negative half cycle 244, thereby causing the sixth
switch 168 to be on for substantially all of the negative half cycle. As
described earlier, in an alternative embodiment the third switching control
signal Q3. (or the fourth switching control signal Q4.n) may be inverted to
produce the second shunt control signal Q6,n, such that the second shunt
control signal Q6,, is asserted when the third and fourth switching control
signals Q3,n and Q3,, are not asserted. In this alternative embodiment,
during the negative half cycle, the sixth switch 168 is switched on to permit
current flow through the shunt 140 when the third and fourth switches 130 and
138 are switched off.

When the third and fourth switching control signals Q3,, and Q4,, are not
asserted, the third and fourth switches 130 and 138 are switched off thus
interrupting the flow of current from the DC source 106 (except for a small
leakage current through the switches). However, the inductors 132 and 136
act to oppose changes in current flow and current continues to flow into the
second load node 110 and back from the first load node 108, and is shunted
through the second shunt current path 194 between the fourth intermediate
node 134 and the third intermediate node 128. The second shunt current
path 194 thus provides a path through the sixth switch 168 and the second
diode 170 when the third and fourth switches 130 and 138 are switched off,
and thus the second return current does not flow back to the DC source 106
through the fifth and sixth diodes 188 and 190 or the anti-parallel diodes 172
and 174.

An instantaneous amplitude of the negative half cycle of the output current i,
shown at 266 is thus proportional to the time for which the third and fourth

switching control signals Q3,, and Q4,, are asserted. At a negative peak 274
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of the output current waveform i, the third and fourth switching control signals
Q3. and Q4., are predominantly in an asserted state, while proximate a zero
crossing point 272, the third and fourth switching control signals are
predominantly in a non-asserted state. The inductors 132 and 136 resist
changes in current flow and thus produce a generally smooth sinusoidal
negative half cycle of the output current waveform i, at the load nodes 108
and 110.

In this embodiment, since the reference signal v is in phase with the grid
voltage signal vgrig, the output current i, is supplied to the power grid load 112

substantially in phase with the grid voltage (i.e. the voltage v, shown at 266).

Advantageously, in the circuit configuration shown in Figure 1, should the
fourth switch 138 be unintentionally switched on while the first and second
switches 116 and 124 are conducting current, the inductors 118 and 136 (L1
and L4) are effectively connected in series with the first and second switches
across the DC source 106 and limit current flow, thus reducing the possibility
of damage to the first, second and fourth switches. Such a conduction state is
generally referred to as a cross-conduction condition, and similar cross
conduction conditions may occur between when the third and fourth switches
130 and 138 are conducting and the second switch 124 is unintentionally
switched on. Under a cross conduction condition, for example when the first,
second, and fourth switches 116, 124, and 138 are all simuitaneously
conducting, a short circuit does not appear across the source nodes 102 and
104, as is the case with many prior-art circuit configurations. Furthermore the
first diode 166 blocks current flow between the first and second intermediate
nodes 114 and 120, and the second diode 170 blocks current flow between
the third and fourth intermediate nodes 128 and 134, irrespective of the
respective conduction states of the fifth and sixth switches 164 and 168.

Consequently, the circuit configuration shown in Figure 1 provides some
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inherent fault tolerance irrespective of where the switching and shunt control

signals Q1,n- Q6,n are asserted or not.

The inductors 118, 122, 132 and 136 may comprise a high flux core material
to keep the size of the inductors to a minimum. Conventional prior-art circuit
configurations generally include only two inductors, while the circuit
configuration shown in Figure 1 includes four inductors 118, 122, 132 and
136. However, while each of the inductors 118, 122, 132 and 136 is required
to handle the same peak current as in prior art configurations,
advantageously, each of the inductors is only required to handle half of the
RMS (route-mean-square) current compared to prior art circuit configurations.
Consequently while two additional inductors are required in the circuit
configuration shown in Figure 1, lower RMS current requirements per inductor
lead to a generally similar total inductor volumetric size when compared to

prior art circuit configurations that include only two inductors.

As shown in Figure 3, the first shunt control signal Q5. is asserted for
substantially the entire positive half cycle 242. At the end of the positive half
cycles 242, the current flowing through the inductors 118 and 122 is reduced
to a small residual current. However at this time, the grid voltage is also
relatively low and thus the rate of change of current through the inductors 118
and 122 is also low and may cause a waveform of the output current i, to be
distorted in the region of the zero crossing points 270 and 272. In an
alternative embodiment, such distortions may be reduced by modifying the
first and second shunt control signals Q5,, and Q6,, such that the fifth and
sixth switches 164 and 168 switch off just before the respective zero crossing
points 245 and 247. Referring to Figure 4, a modified waveform of the first
shunt control signal Q5,, is shown at 330 and a modified waveform of the
second shunt control signal Q6,, is shown at 336. The first shunt control
signal Q5 is in an asserted state for a first portion 332 of the positive half

cycle 242 and in a non-asserted state during a second portion 334 of the
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positive half cycle. Referring back to Figure 1, when the first and second
switches 116 and 124 are switched off and when the first shunt control signal
QS5,n is not asserted during the second portion 334 of the positive half cycle,
the fifth switch 164 is also switched off. Accordingly, residual current through
the inductors 118 and 122 is conducted back to the DC source 106 through
the third and fourth diodes 184 and 186, and is quickly reduced. Similarly, the
second shunt control signal Q6,, is in an asserted state for a first portion 338
of the negative half cycle 244 and in a non-asserted state during a second
portion 340 of the negative half cycle, thereby causing residual current
through the inductors 132 and 136 to be conducted back to the DC source
106 through the fifth and sixth diodes 188 and 190. Advantageously, in such
embodiments the sinusoidal output current i, produced at the load nodes 108
and 110 may have lower total harmonic distortion (THD) than in embodiments
where the first and second shunt control signals Q5,, and Q6,, are asserted
for substantially all of the respective positive and negative half-cycles 242 and
244.

Referring to Figure 5, in an alternative embodiment of the invention, the
apparatus 100 shown in Figure 1 may be operated to produce an output
current waveform that is out of phase with the grid voltage in order to
compensate for other loads on the power grid that have a non-unity power
factor. The grid voltage signal vgiq is shown at 340 in Figure 5. The /O port
208 of the processor circuit 200 (shown in Figure 2) receives the grid voltage
signal vgrig at the input 212 and produces a reference signal v, (also shown at

340 in Figure 5) that is phase shifted with respect to the grid voltage signal

Vgrid by @ phase angle of ¢ degrees, as shown at 342. In Figure 5, the phase

angle @ is shown as being positive, but in general the phase angle ¢ may be

positive or negative, depending on whether it is required to provide power

factor compensation for a load with a leading or a lagging power factor.



10

15

20

25

30

WO 2009/152600 PCT/CA2008/001155

-40-

In grid—tied operation, the reference signal waveform vi represents a desired
output current waveform rather than a desired output voltage waveform, and
the switching control signals Q1on to Q4on and the first and second shunt
control signals Q5,, and Q6,, are respectively asserted to produce a desired
out of phase output current i, as shown at 364. A waveform of the first and
second switching control signals Q1,n and Q2,, is shown at 344 and a

waveform of the first shunt control signal Q5,, is shown at 352.

During a portion 380 of the positive half cycle the first and second switching
control signals Q1,, and Q2,, and the first shunt control signal Q5. are
asserted as described above in connection with Figure 3 and current flows
along the first supply current path 113 and first return current path 119,
thereby supplying power to the power grid load 112 from the DC source 106.
During a portion 382 of the positive half cycle when the phase shifted
reference signal v is positive and the signal representing the grid voltage
waveform vgiq is negative, reactive power is received from the power grid load
112. During the portion 382 the first and second switching control signals
Q1,, and Q2,, are in a non-asserted state, thereby preventing reactive

currents from flowing back to the DC source 106.

The first shunt control signal Q5. includes a plurality of positive half cycle
switching sub-cycles 346. During each sub-cycle 346, the shunt control signal
Q5,, is an asserted state for fifth time periods, such as shown at 348, and in a
non-asserted state for sixth time periods, such as shown at 350. During the
fifth time period 348 the first return current flows through the first shunt 126
from the second intermediate node 120 to the first intermediate node 114 and
through the first inductor 118 back to the first load node 108. During the sixth
time period 350 the first return current flows from the second intermediate
node 120 through the third diode 184 to the first source node 102 and from
the second source node 104 through the fourth diode 186 to the first
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intermediate node 114 and through the first inductor 118 back to the first load
node108.

A waveform of the third and fourth switching control signals Q3,, and Q4,, is
shown at 354 and a waveform of the second shunt control signal Q6,, is
shown at 362.

During a portion 384 of the negative half cycle the third and fourth switching
control signals Q3,, and Q4,, and the second shunt control signal Q6,, are
asserted as described above in connection with Figure 3 and current flows
along the second supply current path 127 and the second return current path
133, thereby supplying power to the power grid load 112 from the DC source
106. During a portion 386 of the negative half cycle when the phase shifted
reference signal v is negative and the signal representing the grid voltage
waveform vgrq is positive, reactive power is received from the power grid load
112. During the portion 386 the third and fourth switching control signals Q3.
and Q4,, are in a non-asserted state, thereby preventing reactive currents

from flowing back to the DC source 106.

The second shunt control signal Q6, includes a plurality of negative half cycle
switching sub-cycles 356. During each sub-cycle 356, the shunt control signal
Q6. is an asserted state for seventh time periods, such as shown at 358, and
in a non-asserted state for eighth time periods, such as shown at 360. During
the seventh time period 358 the second return current flows through the
second shunt 140 from the fourth intermediate node 134 to the third
intermediate node 128 and through the third inductor 132 back to the second
load node 110. During the eighth time period 360 the second return current
flows from the fourth intermediate node 134 through the fifth diode 188 to the
first source node 102 and from the second source node 104 through the sixth
diode 190 to the third intermediate node 128 and through the third inductor
132 back to the second load node 110.
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Advantageously, when the apparatus 100 is controlied in accordance with the
control signals shown in Figure 5, reactive power received back from the
power grid load 112 during the fifth and seventh time periods 348 and 358 is
shunted through the first and second current shunts 126 and 140 respectively
and is not returned to the DC source 106 during the fifth and seventh time

periods.

Islanded Load Operation

The operation of the apparatus 100 shown in Figure 1 to supply AC current to
an islanded load 112 is described with reference to Figure 1 and Figure 3. In
islanded load operation of the apparatus 100, the controller 142 of Figure 1
receives or generates a reference signal v, having a frequency and
amplitude defining a desired frequency and amplitude of an AC output voltage
waveform v, (shown at 266), and the apparatus 100 is controlled to act as a

low impedance voltage source for powering the load 112.

Referring to Figure 3 the reference signal v.e shown at 240 and as described
above, may be generated externally to the controller 142 shown in Figure 1 or
processor circuit 200 shown in Figure 2. Alternatively the reference signal Vies

may be generated internally by the processor circuit 200.

In islanded load operation, the controller 142 produces the first, second, third,
and fourth switching control signal waveforms as shown at 246 and 262 and
the shunt control signal waveforms shown at 248 and 264 in response to the
reference signal v to cause the apparatus 100 to produce the desired AC
output voltage v, across the load nodes 108 and 110. The output voltage v,
has a waveform having positive and negative half cycles that generally
correspond to the positive and negative half cycles 242 and 244 of the

reference signal vier shown at 240. Current flow through the apparatus 100 in
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islanded load operation remains as described above in connection with grid-

tied operation of the apparatus.

Whether operating the apparatus to power an islanded load or the a power
grid load, in the circuit configuration shown in Figure 1 when the first, second,
third, and fourth switches 116, 124, 130 and 138 are switched off, the DC
source 106 is effectively isolated from the load 112 and current flows through
the first and second shunts 126 and 140 during respective positive and
negative half-cycles. Advantageously, isolation of the DC source 106 from
the load 112 prevents common mode signals at the switching frequency from
appearing at the DC source, thereby providing improved EMC performance
and improved electrical safety at the DC source. The first and second shunts
126 and 140 also prevent current flow back to the DC source 106, which
would otherwise cause a reduction in conversion efficiency. Furthermore, the
circuit configuration shown in Figure 1 has a further advantage over prior-art
configurations in that the first, second, third, and fourth switches 116, 124,
130 and 138 and the DC source 106 are inherently protected from damage
due to short circuit currents that may be caused in the event of control signal

errors.

While specific embodiments of the invention have been described and
illustrated, such embodiments should be considered illustrative of the
invention only and not as limiting the invention as construed in accordance

with the accompanying claims.
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What is claimed is:

1. A method for converting a direct current received from a direct current
source into an alternating current at first and second load nodes, the
first and second load nodes for connecting a load, the source being
connected to first and second source nodes, the first source node for
receiving direct current from the source and the second source node
for providing a return path for the direct current to the source, the

method comprising:

producing positive and negative half cycles of alternating current

at the first and second load nodes;

said positive half cycle being produced by causing first and
second switching control signals to effect a plurality of positive
half cycle switching sub-cycles by causing said first and second
switching control signals to be asserted for a first time period of
said positive half cycle switching sub-cycle and not asserted for
a second time period of said positive half cycle switching sub-
cycle, and wherein during each positive half cycle switching sub-

cycle:

direct current flows from the source through a first supply
current path into the first load node for said first time
period, said first supply current path comprising a first
intermediate node, a first switch operable to selectively
conduct current from the first source node to said first
intermediate node in response to said first switching
control signal, and a first inductor connected between

said first intermediate node and the first load node;
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a first return current flows from the second load node
through a first return current path for said first time period,
said first return current path comprising a second
intermediate node, a second inductor connected between
the second load node and said second intermediate
node, and a second switch operable to selectively
conduct current from said second intermediate node to
the second source node in response to said second

switching control signal; and

during said second time period, a first shunt control signal
is asserted to cause said first return current to flow
through a first shunt from said second intermediate node
to said first intermediate node and through said first
inductor back to the first load node, said first shunt being
operably configured to prevent current from flowing from
said first intermediate node to said second intermediate
node and to selectively conduct current between said
second intermediate node and said first intermediate

node in response to said first shunt control signal;

said negative half cycle being produced by causing third and
fourth switching control signals to effect a plurality of negative
half cycle switching sub-cycles by causing said third and fourth
switching control signals to be asserted for a third time period of
said negative half cycle switching sub-cycle and to be not
asserted for a fourth time period of said negative half cycle
switching sub-cycle, and wherein during each negative half

cycle switching sub-cycle:



10

15

20

25

WO 2009/152600

PCT/CA2008/001155

-46-

direct current flows from the source through a second
supply current path into the second load node for said
third time period, said second supply current path
comprising a third intermediate node, a third switch
operable to selectively conduct current from the first
source node to said third intermediate node in response
to said third switching control signal, and a third inductor
connected between said third intermediate node and the

second load node;

a second return current flows from the first load node
through a second return current path for said third time
period, said second return current path comprising a
fourth intermediate node, a fourth inductor connected
between the first load node and said fourth intermediate
node, and a fourth switch operable to selectively conduct
current from said fourth intermediate node to the second
source node in response to said fourth switching control

signal; and

during said fourth time period, a second shunt control
signal is asserted to cause said second return current to
flow through a second shunt from said fourth intermediate
node to said third intermediate node and through said
third inductor back to the second load node, said second
shunt being operably configured to prevent current from
flowing from said third intermediate node to said fourth
intermediate node and to selectively conduct current
between said fourth intermediate node and said third
intermediate node in response to said second shunt
control signal.
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The method of claim 1 wherein said first shunt comprises a fifth current
switch and a first diode connected in series between said second
intermediate node and said first intermediate node, said fifth current
switch being operable to conduct current in response to said first shunt
control signal, and said first diode being operable to block current flow
between said first intermediate node and said second intermediate

node.

The method of claim 1 wherein said second shunt comprises a sixth
current switch and a second diode connected in series between said
fourth intermediate node and said third intermediate node, said sixth
current switch being operable to conduct current in response to said
second shunt control signal, and said second diode being operable to
block current flow between said third intermediate node and said fourth

intermediate node.

The method of claim 1 further comprising producing said first, second,
third, and fourth switching control signals and said first and second

shunt control signals.

The method of claim 4 wherein producing said first, second, third, and
fourth switching control signals comprises producing first, second, third,

and fourth pulse width modulated switching control signals.

The method of claim 4 wherein producing said first shunt control signal
comprises causing said first shunt control signal to be asserted for
substantially all of said positive half cycle, thereby causing said first
shunt to permit current flow during substantially all of said positive half
cycle, and wherein producing said second shunt control signal
comprises causing said second shunt control signal to be asserted for

substantially all of said negative half cycle, thereby causing said
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second shunt to permit current flow during substantially all of said

negative half cycle.

The method of claim 4 wherein producing said first shunt control signal
comprises causing said first shunt control signal to be asserted during
said second time periods of said positive half cycle, thereby causing
said first shunt to selectively permit current flow during said second
time periods, and wherein producing said second shunt control signal
comprises causing said second shunt control signal to be asserted
during said fourth time periods of said negative half cycle, thereby
causing said second shunt to selectively permit current flow during said

fourth time periods.

The method of claim 7 wherein producing said first shunt control signal
comprises inverting said first switching control signal and wherein
producing said second shunt control signal comprises inverting said

third switching control signal.

The method of claim 4 wherein:

producing said first shunt control signal comprises causing said
first shunt control signal to be asserted for a first portion of said
positive half cycle and causing said first shunt control signal to
be not asserted for a second portion of said positive half cycle,
thereby causing said first shunt to selectively permit current flow
during said first portion of said positive half cycle, and wherein
said first return current flows from said second intermediate
node through a third diode to the first source node and from the
second source node through a fourth diode to said first
intermediate node during said second portion of said positive

half cycle; and
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producing said second shunt control signal comprises causing
said second shunt control signal to be asserted for a first portion
of said negative half cycle and causing said second shunt
control signal to be not asserted for a second portion of said
negative half cycle, thereby causing said second shunt to
selectively permit current flow during said first portion of said
negative half cycle, and wherein said second return current
flows from said second intermediate node through a fifth diode
to the first source node and from the second source node
through a sixth diode to said first intermediate node during said

second portion of said negative half cycle.

The method of claim 4 wherein producing said first and second
switching control signals comprises causing each of said first and
second switching control signals to be asserted to cause both said first
switch and said second switch to permit current flow during said first
time period, and wherein producing said third and fourth switching
control signals comprises causing each of said third and fourth
switching control signals to be asserted to cause both said third switch
and said fourth switch to permit current flow during said third time

period.

The method of claim 4 further comprising receiving a reference signal
representing a desired output voltage waveform and wherein producing
said first, second, third, and fourth switching control signals and said
first and second shunt control signals comprises producing first,
second, third, and fourth switching control signals and said first and

second shunt control signals in response to said reference signal.

The method of claim 11 further comprising producing said reference

signal.
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The method of claim 12 wherein producing said reference signal
comprises producing a sinusoidal reference signal having a frequency
defining a desired frequency of an output voltage waveform across the

first and second load nodes.

The method of claim 4 wherein the load comprises a power grid load
and further comprising receiving a reference signal representing a grid
voltage waveform of the power grid across the first and second load
nodes and wherein producing said first, second, third, and fourth
switching control signals and said first and second shunt control signals
comprises producing first, second, third, and fourth switching control
signals and said first and second shunt control signals in response to
said reference signal to cause an output current to be supplied to the

power grid substantially in phase with the grid voltage waveform.

The method of claim 4 wherein the load comprises a power grid load
and further comprising receiving a signal representing a grid voltage
waveform of the power grid across the first and second load nodes and
producing a phase shifted reference signal in response to receiving
said signal representing said grid voltage waveform, and wherein
producing said first, second, third, and fourth switching control signals
and said first and second shunt control signals comprises producing
first, second, third, and fourth switching control signals and said first
and second shunt control signals in response to said phase shifted
reference signal to cause an output current to be supplied to the power

grid out of phase with the grid voltage waveform.

The method of claim 15 further comprising:
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during a portion of said positive half cycle when said phase
shifted reference signal is positive and said signal representing

said grid voltage waveform is negative:

causing said first and second switching control signals to

be in a non-asserted state; and

causing said first shunt control signal to effect a plurality
of half cycle switching sub-cycles by causing said first
shunt control signal to be asserted for a fifth time period
of said positive half cycle switching sub-cycle and not
asserted for a sixth time period of said positive half cycle

switching sub-cycle, and wherein:

during said fifth time period said first return current
flows through said first shunt from said second
intermediate node to said first intermediate node
and through said first inductor back to said first

load node; and

during said sixth time period said first return
current flows from said second intermediate node
through a third diode to the first source node and
from the second source node through a fourth
diode to said first intermediate node and through

said first inductor back to said first load node;

during a portion of said negative half cycle when said phase
shifted reference signal is negative and said signal representing
said grid voltage waveform is positive:
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causing said third and fourth switching control signals to

be in a non-asserted state; and

causing said second shunt control signal to effect a
plurality of half cycle switching sub-cycles by causing said
second shunt control signal to be asserted for a seventh
time period of said negative half cycle switching sub-cycle
and not asserted for an eighth time period of said

negative half cycle switching sub-cycle, and wherein:

during said seventh time period said second return
current flows through said second shunt from said
fourth intermediate node to said third intermediate
node and through said third inductor back to said

second load node;

during said eighth time period said second return
current flows from said fourth intermediate node
through a fifth diode to the first source node and
from the second source node through a sixth diode
to said third intermediate node and through said

third inductor back to said second load node.

17.  An apparatus for converting a direct current into an alternating current,

the apparatus comprising:

first and second source nodes, said first source node being
operably configured to receive direct current from a direct
current source and said second source node being operably
configured to provide a return path for said direct current from

the apparatus to the source;
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first and second load nodes for supplying alternating current

produced by the apparatus to a load;

a first supply current path comprising:

a first intermediate node;

a first switch operable to selectively conduct current from
said first source node to said first intermediate node in

response to a first switching control signal; and

a first inductor connected between said first intermediate

node and said first load node;

a first return current path comprising:

a second intermediate node;

a second inductor connected between said second load

node and said second intermediate node; and

a second switch operable to selectively conduct current
from said second intermediate node to said second
source node in response to a second switching control

signal;

a first shunt operably configured to prevent current from flowing
from said first intermediate node to said second intermediate
node and to selectively conduct current between said second
intermediate node and said first intermediate node in response

to a first shunt control signal;



WO 2009/152600

10

15

20

PCT/CA2008/001155

-54-

a second supply current path comprising:
a third intermediate node;

a third switch operable to selectively conduct current from
said first source node to said third intermediate node in

response to a third switching control signal; and

a third inductor connected 'between said third

intermediate node and said first load node;
a second return current path comprising:
a fourth intermediate node;

a fourth inductor connected between said second load

node and said fourth intermediate node; and

a fourth current switch operable to selectively conduct
current from said fourth intermediate node to said second
source node in response to a fourth switching control

signal;

a second shunt operably configured to prevent current from
flowing from said third intermediate node to said fourth
intermediate node and to selectively conduct current between
said fourth intermediate node and said third intermediate node in

response to a second shunt control signal; and

a controller operably configured to generate said first, second,
third and fourth switching control signals and said first and

second shunt control signals to control said first, second, third,
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and fourth switches and said first and second shunts to produce

positive and negative half cycles of the alternating current;

said positive half cycle being produced by causing said first and
second switching control signals to effect a plurality of positive
half cycle switching sub-cycles by causing said first and second
switching control signals to be asserted for a first time period of
said positive half cycle switching sub-cycle and not asserted for
a second time period of said positive half cycle switching sub-
cycle, and wherein during each positive half cycle switching

sub-cycle:

direct current flows from the source through said first
supply current path into said first load node for said first

time period;

a first return current flows from said second load node
through said first return current path for said first time

period; and

during said second time period, said first shunt control
signal is asserted to cause said first return current to flow
through said first shunt from said second intermediate
node to said first intermediate node and through said first

inductor back to the first load node;

said negative half cycle being produced by causing said
switching control signals to effect a plurality of negative half
cycle switching sub-cycles by causing said third and fourth
switching control signals to be asserted for a third time period of
said negative half cycle switching sub-cycle and to be not

asserted for a fourth time period of said negative half cycle
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switching sub-cycle, and wherein during each negative half

cycle switching sub-cycle:

direct current flows from the source through said second
supply current path into said second load node for said

third time period;

a second return current flows from said first load node
through said second return current path for said third time

period; and

during said fourth time period, said second shunt control
signal is asserted to cause said second return current to
flow through said second shunt from said fourth
intermediate node to said third intermediate node and

through said third inductor back to the second load node.

The apparatus of claim 17 wherein said second shunt comprises a
sixth current switch and a second diode connected in series between
said fourth intermediate node and said third intermediate node, said
sixth current switch being operable to conduct current in response to
said second shunt control signal, and said second diode being
operable to block current flow between said third intermediate node

and said fourth intermediate node.

The apparatus of claim 17 further comprising a capacitor connected
between said first and second load nodes, said capacitor being
operable, in combination with said first, second, third, and fourth
inductors, to attenuate alternating current frequency components at
frequencies other than a fundamental frequency associated with the

alternating current waveform.
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The apparatus of claim 17 further comprising a controller operably
configured to produce said first, second, third, and fourth switching

control signals and said first and second shunt control signals.

The apparatus of claim 20 wherein said controller is operably
configured to produce first, second, third, and fourth pulse width

modulated switching control signals.

The apparatus of claim 20 wherein said controller is operably
configured to produce said first shunt control signal by causing said
first shunt control signal to be asserted for substantially all of said
positive half cycle, thereby causing said first shunt to permit current
flow during substantially all of said positive half cycle, and wherein said
controller is operably configured to produce said second shunt control
signal by causing said second shunt control signal to be asserted for
substantially all of said negative half cycle, thereby causing said
second shunt to permit current flow during substantially all of said

negative half cycle.

The apparatus of claim 20 wherein said controller is operably
configured to produce said first shunt control signal by causing said
first shunt control signal to be asserted during said second time periods
of said positive half cycle, thereby causing said first shunt to selectively
permit current flow during said second time periods, and wherein said
controller is operably configured to produce said second shunt control
signal by causing said second shunt control signal to be asserted
during said fourth time periods of said negative half cycle, thereby
causing said second shunt to selectively permit current flow during said

fourth time periods.
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The apparatus of claim 23 wherein said controller is operably
configured to produce said first shunt control signal by inverting said
first switching control signal and to produce said second shunt control

signal by inverting said third switching control signal.

The apparatus of claim 20 further comprising:

a third diode connected to conduct current between said second

intermediate node and said first source node;

a fourth diode connected to conduct current between said

second source node and said first intermediate node;

a fifth diode connected to conduct current between said fourth

intermediate node and said first source node; and

a sixth diode connected to conduct current between said second

source node and said third intermediate node;

and wherein said controller is operably configured to:

produce said first shunt control signal by causing said first
shunt control signal to be asserted for a first portion of
said positive half cycle and causing said first shunt
control signal to be not asserted for a second portion of
said positive half cycle, thereby causing said first shunt to
selectively permit current flow during said first portion of
said positive half cycle, and wherein said first return
current flows from said second intermediate node through
said third diode to the first source node and from the

second source node through said fourth diode to said first
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intermediate node during said second portion of said

positive half cycle; and

produce said second shunt control signal by causing said
second shunt control signal to be asserted for a first
portion of said negative half cycle and causing said
second shunt control signal to be not asserted for a
second portion of said negative half cycle, thereby
causing said second shunt to selectively permit current
flow during said first portion of said negative half cycle,
and wherein said second return current flows from said
second intermediate node through said fifth diode to the
first source node and from the second source node
through said sixth diode to said first intermediate node

during said second portion of said negative half cycle.

26. The apparatus of claim 20 wherein said controller is operably

configured to:

produce said first and second switching control signals by
causing each of said first and second switching control signals
to be asserted to cause both said first switch and said second

switch to permit current flow during said first time period; and

produce said third and fourth switching control signals by
causing each of said third and fourth switching control signals to
be asserted to cause both said third switch and said fourth

switch to permit current flow during said third time period.

27. The apparatus of claim 20 wherein said controller is operably

configured to receive a reference signal representing a desired output

voltage waveform and to produce said first, second, third, and fourth
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switching control signals and said first and second shunt control signals

in response to said reference signal.

The apparatus of claim 27 wherein said controller is operably

configured to produce said reference signal.

The apparatus of claim 28 wherein said controller is operably
configured to produce a sinusoidal reference signal having a frequency
defining a desired frequency of an output voltage waveform across the

first and second load nodes.

The apparatus of claim 20 wherein the load comprises a power grid
load and wherein said controller is operably configured to receive a
reference signal representing a grid voltage waveform of the power grid
across said first and second load nodes and to produce said first,
second, third, and fourth switching control signals and said first and
second shunt control signals in response to said reference signal to
cause an output current to be supplied to the power grid substantially in

phase with the grid voltage waveform.

The apparatus of claim 20 wherein the load comprises a power grid

load and wherein said controller is operably configured to:

receive a signal representing a grid voltage waveform of the

power grid across said first and second load nodes;

produce a phase shifted reference signal in response to
receiving said signal representing said grid voltage waveform;

and

produce said first, second, third, and fourth switching control

signals and said first and second shunt control signals in
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response to said phase shifted reference signal to cause an
output current to be supplied to the power grid out of phase with

the grid voltage waveform.

32. The apparatus of claim 31 wherein said controller is operably

configured to:

cause said first and second switching control signals to be in a
non-asserted state during a portion of said positive half cycle
when said phase shifted reference signal is positive and said

signal representing said grid voltage waveform is negative :

cause said first shunt control signal to effect a plurality of half
cycle switching sub-cycles by causing said first shunt control
signal to be asserted for a fifth time period of said positive half
cycle switching sub-cycle and not asserted for a sixth time
period of said positive half cycle switching sub-cycle during said

portion of said positive half cycle , and wherein:

during said fifth time period said first return current flows
through said first shunt from said second intermediate
node to said first intermediate node and through said first

inductor back to said first load node;

during said sixth time period said first return current flows
from said second intermediate node through a third diode
to the first source node and from the second source node
through a fourth diode to said first intermediate node and
through said first inductor back to said first load node;

and
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cause said third and fourth switching control signals to be in a
non-asserted state during a portion of said negative half cycle
when said phase shifted reference signal is negative and said

signal representing said grid voltage waveform is positive;

cause said second shunt control signal to effect a plurality of half
cycle switching sub-cycles by causing said second shunt control
signal to be asserted for a seventh time period of said negative
half cycle switching sub-cycle and not asserted for an eighth
time period of said negative half cycle switching sub-cycle
during said portion of said negative half cycle, and wherein:

during said seventh time period said second return
current flows through said second shunt from said fourth
intermediate node to said third intermediate node and
through said third inductor back to said second load

node; and

during said eighth time period said second return current
flows from said fourth intermediate node through a fifth
diode to the first source node and from the second source
node through a sixth diode to said third intermediate node
and through said third inductor back to said second load

node.

33. The apparatus of claim 17 wherein said first shunt comprises a fifth

current switch and a first diode connected in series between said

second intermediate node and said first intermediate node, said fifth

current switch being operable to conduct current in response to said

first shunt control signal, and said first diode being operable to block
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current flow between said first intermediate node and said second

intermediate node.

The apparatus of claim 17 wherein said first and second load nodes
comprise respective first and second load terminals operably
configured to facilitate connecting the load to said first and second load

nodes.

The apparatus of claim 17 wherein said first and second source nodes
comprise respective first and second source terminals operably
configured to facilitate connecting the source to said first and second

source nodes.

An apparatus for converting a direct current into an alternating current,

the apparatus comprising:

first and second source nodes, said first source node being
operably configured to receive direct current from a direct
current source and said second source node being operably
configured to provide a return path for said direct current from

the apparatus to the source;

first and second load nodes for supplying alternating current

produced by the apparatus to a load;

a first supply current path comprising:

a first intermediate node;

a first switch operable to selectively conduct current from
said first source node to said first intermediate node in

response to a first switching control signal; and
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a first inductor connected between said first intermediate

node and said first load node;

a first return current path comprising:

a second intermediate node;

a second inductor connected between said second load

node and said second intermediate node; and

a second switch operable to selectively conduct current
from said second intermediate node to said second
source node in response to a second switching control

signal;

a first shunt operably configured to prevent current from flowing
from said first intermediate node to said second intermediate
node and to selectively conduct current between said second
intermediate node and said first intermediate node in response

to a first shunt control signal;

a second supply current path comprising:

a third intermediate node;

a third switch operable to selectively conduct current from
said first source node to said third intermediate node in

response to a third switching control signal; and

a third inductor connected between said third

intermediate node and said first load node;



10

15

20

25

WO 2009/152600

PCT/CA2008/001155

-65-

a second return current path comprising:

a fourth intermediate node;

a fourth inductor connected between said second load

node and said fourth intermediate node; and

a fourth current switch operable to selectively conduct
current from said fourth intermediate node to said second
source node in response to a fourth switching control

signal;

a second shunt operably configured to prevent current from
flowing from said third intermediate node to said fourth
intermediate node and to selectively conduct current between
said fourth intermediate node and said third intermediate node in

response to a second shunt control signal; and

controlling means for generating said first, second, third, and
fourth switching control signals and said first and second shunt
control signals to control said first, second, third, and fourth
switches and said first and second shunts to produce positive

and negative half cycles of the alternating current;

said positive half cycle being produced by causing said first and
second switching control signals to effect a plurality of positive
half cycle switching sub-cycles by causing said first and second
switching control signals to be asserted for a first time period of
said positive half cycle switching sub-cycle and not asserted for
a second time period of said positive half cycle switching sub-
cycle, and wherein during each positive half cycle switching

sub-cycle:
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direct current flows from the source through said first
supply current path into said first load node for said first

time period;

a first return current flows from said second load node
through said first return current path for said first time

period; and

during said second time period, said first shunt control
signal is asserted to cause said first return current to flow
through said first shunt from said second intermediate
node to said first intermediate node and through said first

inductor back to the first load node;

said negative half cycle being produced by causing said
switching control signals to effect a plurality of negative half
cycle switching sub-cycles by causing said third and fourth
switching control signals to be asserted for a third time period of
said negative half cycle switching sub-cycle and to be not
asserted for a fourth time period of said negative half cycle
switching sub-cycle, and wherein during each negative half

cycle switching sub-cycle:

direct current flows from the source through said second
supply current path into said second load node for said
third time period;

a second return current flows from said first load node
through said second return current path for said third time

period; and
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during said fourth time period, said second shunt control
signal is asserted to cause said second return current to
flow through said second shunt from said fourth
intermediate node to said third intermediate node and

through said third inductor back to the second load node.

The apparatus of claim 36 wherein said controller means comprises
means for producing first, second, third, and fourth pulse width

modulated switching control signals.

The apparatus of claim 36 wherein said controller means comprises
means for producing said first shunt control signal by causing said first
shunt control signal to be asserted for substantially all of said positive
half cycle, thereby causing said first shunt to permit current flow during
substantially all of said positive half cycle, and wherein said controller
means comprises means for producing said second shunt control
signal by causing said second shunt control signal to be asserted for
substantially all of said negative half cycle, thereby causing said
second shunt to permit current flow during substantially all of said

negative half cycle.

The apparatus of claim 36 wherein said controller means comprises
means for producing said first shunt control signal by causing said first
shunt control signal to be asserted during said second time periods of
said positive half cycle, thereby causing said first shunt to selectively
permit current flow during said second time periods, and wherein said
controller means comprises means for producing said second shunt
control signal by causing said second shunt control signal to be
asserted during said fourth time periods of said negative half cycle,
thereby causing said second shunt to selectively permit current flow

during said fourth time periods.
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The apparatus of claim 36 wherein said controller means comprises
means for inverting said first switching control signal and said third
switching control signal to respectively produce said second switching

control signal and said fourth switching control signal.

The apparatus of claim 36 further comprising:

a third diode connected to conduct current between said second

intermediate node and said first source node;

a fourth diode connected to conduct current between said

second source node and said first intermediate node;

a fifth diode connected to conduct current between said fourth

intermediate node and said first source node; and

a sixth diode connected to conduct current between said second

source node and said third intermediate node;

and wherein said controller means comprises:

means for producing said first shunt control signal by
causing said first shunt control signal to be asserted for a
first portion of said positive half cycle and causing said
first shunt control signal to be not asserted for a second
portion of said positive half cycle, thereby causing said
first shunt to selectively permit current flow during said
first portion of said positive half cycle, and wherein said
first return current flows from said second intermediate
node through said third diode to the first source node and

from the second source node through said fourth diode to
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said first intermediate node during said second portion of

said positive half cycle; and

means for producing said second shunt control signal by
causing said second shunt control signal to be asserted
for a first portion of said negative half cycle and causing
said second shunt control signal to be not asserted for a
second portion of said negative half cycle, thereby
causing said second shunt to selectively permit current
flow during said first portion of said negative half cycle,
and wherein said second return current flows from said
second intermediate node through said fifth diode to the
first source node and from the second source node
through said sixth diode to said first intermediate node

during said second portion of said negative half cycle.

42. The apparatus of claim 36 wherein said controller means comprises:

means for producing said first and second switching control
signals by causing each of said first and second switching
control signals to be asserted to cause both said first switch and
said second switch to permit current flow during said first time

period; and

means for producing said third and fourth switching control
signals by causing each of said third and fourth switching control
signals to be asserted to cause both said third switch and said

fourth switch to permit current flow during said third time period.

43. The apparatus of claim 36 wherein said controller means comprises

means for receiving a reference signal representing a desired output

voltage waveform and means for producing said first, second, third,
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and fourth switching control signals and said first and second shunt

control signals in response to said reference signal.

The apparatus of claim 43 wherein said controller means comprises

means for producing said reference signal.

The apparatus of claim 44 wherein said controller means comprises
means for producing a sinusoidal reference signal having a frequency
defining a desired frequency of an output voltage waveform across the

first and second load nodes.

The apparatus of claim 36 wherein the load comprises a power grid
load and wherein said controller means comprises means for receiving
a reference signal representing a grid voltage waveform of the power
grid across said first and second load nodes and means for producing
said first, second, third, and fourth switching control signals and said
first and second shunt control signals in response to said reference
signal to cause an output current to be supplied to the power grid

substantially in phase with the grid voltage waveform.

The apparatus of claim 36 wherein the load comprises a power grid

load and wherein said controller means comprises:

means for receiving a signal representing a grid voltage
waveform of the power grid across said first and second load

nodes;

means for producing a phase shifted reference signal in
response to receiving said signal representing said grid voltage

waveform; and
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means for producing said first, second, third, and fourth
switching control signals and said first and second shunt control
signals in response to said phase shifted reference signal to
cause an output current to be supplied to the power grid out of

phase with the grid voltage waveform.

48. The apparatus of claim 46 wherein said controller means comprises:

means for causing said first and second switching control
signals to be in a non-asserted state during a portion of said
positive half cycle when said phase shifted reference signal is
positive and said signal representing said grid voltage waveform

is negative;

means for causing said first shunt control signal to effect a
plurality of half cycle switching sub-cycles by causing said first
shunt control signal to be asserted for a fifth time period of said
positive half cycle switching sub-cycle and not asserted for a
sixth time period of said positive half cycle switching sub-cycle

during said portion of said positive half cycle, and wherein:

during said fifth time period said first return current flows
through said first shunt from said second intermediate
node to said first intermediate node and through said first

inductor back to said first load node;

during said sixth time period said first return current flows
from said second intermediate node through a third diode
to the first source node and from the second source node
through a fourth diode to said first intermediate node and
through said first inductor back to said first load node;

and
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means for causing said third and fourth switching control signals to be
in a non-asserted state during a portion of said negative half cycle
when said phase shifted reference signal is negative and said signal

representing said grid voltage waveform is positive;

means for causing said second shunt control signal to effect a plurality
of half cycle switching sub-cycles by causing said second shunt control
signal to be asserted for a seventh time period of said negative half
cycle switching sub-cycle and not asserted for an eighth time period of
said negative half cycle switching sub-cycle during said portion of said

negative half cycle, and wherein:

during said seventh time period said second return current flows
through said second shunt from said fourth intermediate node to
said third intermediate node and through said third inductor back

to said second load node;

during said eighth time period said second return current flows
from said fourth intermediate node through a fifth diode to the
first source node and from the second source node through a
sixth diode to said third intermediate node and through said third

inductor back to said second load node.
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