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FIG. 1

to detect an overcurrent for an output of the inverter, to generate a measure
of a duration of the overcurrent and to selectively put an output of the bridge
circuit in a first impedance state or a second impedance state based on the
measure. The first and second impedance states may provide respective first
and second impedances between the bridge circuit output and a neutral.
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MULTL-LEVEL INVERTER APPARATUS AND METHODS
USING VARIABLE OVERCURRENT RESPONSE

BACKGROUND

{0001} The inventive subject matter relates to power conversion circuits and methods
and, more particularly, to inverter apparatus and methods.

(00021 UPS systems are commonly used in installations such as data centers, medical
centers and mdustrial facilies. UPS systems may be used in such installations to provide
backup power to maintain operation in event of failure of the primary atility supply. These
UPS gystems common have an "on-line” configuration including a rectifier and inverter
coupled by a DC link that is also coupled to an auxiliary power source, such as a battery, fuel
cell or other energy storage device,

fO003] UPS systems, motor drives and other power conversion devices conumonty
use an inverter that generates an AC output from a DC power source, such as a rectifier
and/or battery., A "two level” bridge inverter may be use to selectively connected these DC
buses 1o the output of the inverter o generate an AC vollage waveform, Multilevel inverters
may provide for additional voltages between the DC bus voltages. Various multilevel
inverter circuits are deseribed, for example, in U.S. Patent No. 5,361,196 o Tamamachi et
al., U8, Patent No. 6,793,323 to Tanaka et al,, U.S. Patent No. 6,838,925 to Nielsen, U.S.
Patent No. 7,145,268 to BEdwards et al. and U.8. Pateat No. 7,573,732 to Teichmann et al.

{0004} During operation, inverters may experience overcurrent conditions caused by
output shorts and/or overloads.  Conventional inverters may respond to overcurrent
conditions by turning off bridge transistors while the overcurrent is present, which may result

in current passing back to a DC bus via body diodes of the bridge transistors.

SUMMARY
0003] Some embodiments of the inventive subject matter provide an inverter
including a multilevel bridge circuit. The inverter further includes a control cireait
operatively coupled to the multilevel bridge circuit and configured to detect an overcurrent
for an output of the inverter, to generate a measure of a duration of the overcwrrent and to
selectively put an output of the bridge cireuit in a first impedance state or a second impedance
state based on the measure. The first and second impedance states may provide respective

first and second tmpedances between the bridge circuit output and a neuiral,
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{0006] In some embodirents, the control cireuit may be configured to put the bridge
cirenit output in the first impedance state when the measure indicates that the duration of the
overcurrent is greater than a threshold and to put the bridge cireuit output in the second
impedance state when the measure indicates that the duration of the overcurrent is less than
the threshold, wherein the first impedance is greater than the second impedance.

{0007} In some embodiments, the bridge civcuit may include first and second
switches having first texminals coupled to the bridge circuit output and fivst and second
neutral clamping diodes coupled between the neutral and second terminals of the first and
second switches, respectively. The control cireuit may be coufigured to operate first and
second switches to prevent conduction via the first and second neuntral clamping diodes in the
first impedance stale and to support conductipn via the first and second neutral clamping
diodes in the second impedance state.

{0008] According to some embodiments, the control circuit may include a
comparator civenit configured to generate an overcurtent indication signal responsive to a
comparison of a current sense signal o a reference signal. The control circuit may further
include an overcurrent characterization circuit configured to generate an overcurrent
characterization signal based on a pulse width of the overcurrent indication signal and a
bridge driver circuit configured to control the multilevel bridge circuit responsive to the
overcurrent characterization signal. The bridge driver circuit may be further configured 1o
receive a pulse width modulation signal and the overcurrent indication signal and may be
configured to coniro] the multilevel bridge circult responsive to the pulse width modulation
signal for a first state of the overcurrent indication signal and to conirol the multilevel bridge
circuit responsive to the overcurrent characterization signal for a second state of the
overcurrent indication signal. The inverter may further include a processor cirenit configured
to generate the pulse width modulation signal and the bridge driver circuit may include a
fixed logic circnif, such as a complex programmable logic device (CPLD).

[0009] In additional embodiments, the control circuit may be further configured
determine an elapsed time after the bridge circuit output exnters the first impedance state and
to fransition the bridge cirenit output to the second impedance state responsive to the elapsed
time meeting a predetermined criterion. Tn some embodiments, the control circuit may be
further configured to determine a direction of the detected overcurrent and to control
transition of the bridge cirenit output to the first and second impedance states based on the

detected direction.  In further embodiments, the control circnit may be configured to control
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transition of the bridge circuit output to the first and sccond impedance states based on the
detected direction and a state of the bridge circuit.

[0010] Some embodiments of the inventive subject matter provide an inverter
including a multilevel bridge circuit. A control circuit is operatively coupled to the
multilevel bridge circuit and configured to detect an overcurrent and a direction thereof for an
output of the inverier, fo generate & measure of a duration of the overcurrent and to
selectively put an output of the bridge circuit in a first impedance state or a second impedance
state based on the measure and the detected direction.  The control circuit may be configured
to selectively put the bridge circuit output in the first impedance state or the second
impedance state based on the detected direction and a state of the bridge circuit. The first
impedance state may provide a first impedance between the bridge circuit output and a
neutral and the second impedance state may provide a second impedance between the bridge
circuit output and the neutral. The control circuit may be configured to put the bridge circuit
output in the first impedance state when the duration of the overcurrent is greater than a
threshold and to put the bridge circuit output in the second impedance state when the duration
of the overcurrent is less than the threshold, wherein the first impedance is greater than the
second impedance.

[0011] According to further embodiments, the control circuit may be configured to
selectively put the bridge circuit oniput in the first impedance state or the second impedance
stale based on the measure when the detected direction indicates an absence of a backfeed
and the control circuit may be further configured to constrain the bridge circuit output to
transition to the first impedance state responsive to the detected overcurrent when the
detected direction indicates a presence of the backfeed, rrespective of the measure of the
overcurrent. The control circuit may be configured to detect the backfeed based on the
detected direction and a state of the bridge circuit.

(60127 In some method embodiments, an overcurrent for an output of a multilevel
inverter is detected. A measure of a duration of the overcurrent is generated. An output of a
bridge circuit of the inverter is selectively transitioned to a first impedance state or a second
impedance state based on the measure. The first and second impedance states may provide
respective first and second different impedances between the bridge circuit output and a
neutral.

{0013] In some embodiments, the bridge circuit output may be put in the first
impedance state when the measure indicates that the duration of the overcurrent is greater

than a threshold, and the bridge circuit output may be put in the second impedance state when
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the measure indicates that the duration of the overcurrent is less than the threshold, wherein
the first impedance is greater than the second impedance. A direction of the detected
overcurrent may be detected and the bridge circuit output may be transitioned to the first
impedance state or the second impedance state based on the measure and the detected
direction. The bridge circuit output may be selectively put in the first impedance state or the
second impedance state based on the detected direction and a state of the bridge circuit.
[0014] Some embodiments provide an uninterruptible power supply (UPS) apparatus

comprising inverters as described above and implementing methods as described above.

BRIEF DESCRIPTION OF THE DRAWINGS

[00157 FIG. | is a schematic diagram illustrating an inverter according to some
embodiments of the inventive subject matter.

10016} FIG. 2 is a schematic diagram illustrating an inverter control circuit for the
inverter of FIG. 1 according to some embodiments.

[0017} FIG. 3 is a state diagram illustrating operations of the inverter control circuit
of FIG. 2 according to further embodiments.

[0018] FIG. 4 is a flowchart ilustrating overcurrent characterization operations of the
inverter control cireuit of FIG, 2 according to some embodiments,

{00191 FIG. 5 is a waveform diagram tllusteating operations of the inverter control
circuit of FIG. 2 according to further embodiments.

[0020] FIG. 6 is a state diagram Hlustrating operations of the inverter control circuit
of FIG. 2 according to still further embodiments.

[0021] FIG. 7 is a schematic diagram ilfustrating an inverter control circuit according
to additional embodiments.

[0022] FIG. § is a state diagram flustrating operations of the inverter control circuit
of FIG. 7 according to further embodiments,

[0023] FIG. 9 is a schematic diagram illustrating an uninterruptible power supply

(UPS) according to additional embodiments.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS
[0024] Specific exemplary embodiments of the inventive subject matter now will be
described with reference to the accompanying drawings. This inventive subject matter may,
however, be embodied in many different forms and should not be construed as limited to the

embodimentis set forth herein; rather, these embodiments are provided so that this disclosure
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will be thorough and complete, and will fully convey the scope of the inventive subject
matter to those skilled in the art. In the drawings, like numbers refer to like elements, It will
be understood that when an element is referred to as being "connected” or "coupled” to
another element, it can be directly connected or coupled to the other element or intervening
elemenis may be present, As used herein the term "and/or" includes any and all combinations
of one or more of the associated listed items.

100257 The terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting of the mventive subject matter. As used
herein, the singular forms "a", "an" and "the” are intended to include the plural forms as well,
unless expressly stated otherwise. It will be further understood that the terms "includes,”
"comprises,” "including” and/or "comprising," when used in this specification, specity the
presence of stated features, integers, steps, operations, elements, and/or compenents, but do
not preclude the presence or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thercof.

[0026] Unless otherwise defined, all terms (including technical and scientific terms)
used herein have the same meaning as commonly understood by one of ordinary skill in the
art to which this inventive subject matter belongs. It will be further understood that terms,
such as those defined in commonty used dictionaries, should be interpreted as having a
meaning that is consistent with their meaning in the context of the specification and the
relevant art and will not be interpreted in an idealized or overly formal sense unless expressly
so defined herein.

(00271 FIG. 1 illustrates an inverter 100 according to some embodiments of the
inventive subject matter. The inverter 100 includes a multilevel bridge circuit 110 coupled to
first and second DT bugses 113a, 1156 and to an ovtput inductor Log. A first pair of serially
connected transistors Q1, Q3 of the bridge circuit 110 is coupled between the first DC bus
115a and an inductor Loy A second pair of serially connected transistors Q2, Q4 of the
bridge circuit 110 is coupled between the second DC bus 115b and the inductor Loy
Respective first and second neutral clamping diodes D1, D2 couple respective nodes between
the transistors of the respective pairs to a neutral node N Respective capacitors Cl, C2 are
coupled between respective ones of the first and second DC busses 115a, 115b and the
neutral node N,

[0028] It will be appreciated that the arrangement of the transistors Q1, Q2, Q3, Q4
llustrated in FIG. 1 is one conventionally vsed to implement a three-level inverter in which

three voltages, f.e., the DC bus voltages Fpes, Ve and the voltage at the neutral node N, are
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applied to the output filter inductor Loy. The inverter arrangement itlustrated 1n FIG. 1 18
provided for purposes of illustration. It will be appreciated that embodiments of the inventive
subject matter may be embodied in higher-order multilevel inverter arrangements.

{00291 As further illustrated, the inverter 100 further includes an inverter control
circuit 120, which is configured to drive the first, second, third and fourth transistors Q1, Q2,
23, Q4. In some embodiments, the inverter control circuit 120 may be configured to apply
pulse~-width moduated drive signals to the first, second, third and fourth transistors Q1, Q2,
(33, Q4 such an AC waveform va. 18 produced at an output terminal of the inverter 100. The
inverier contral circuit 120 is further configured to provide a variable overcurrent response
based on a output current 4,y of the inverier 100, here shown as sensed by a current sensor
130 {e.g., a current transformer (CT) or similar device), which produces a current sense signal
CS. In some embodiments, the inverter control circuit 120 may be configured to detect an
overcurrent for an output of the inverter 100 based on the current sense signal CS, to generate
a measure of the overcurrent and to responsively control the bridge circuit 110 o selectively
put an output node 112 of the bridge circuit 110 in a first impedance state or a second
impedance state based on the measure of the overcurrent.

[0030] For example, if the measure of magnitude indicates a relatively large
overcurrent, the inverter control circuit 120 may turn off all of the fransistors Q1, Q2, Q3, Q4
such that a relatively large impedance is provided between the bridge circuit output node 112
and the neuiral N. Putting the bridge cireuit 110 in such an "open" state may support a
relatively low RMS current with a high peak current, with current decaying relatively
quickly. If the measure of magnitude indicates a relatively smaller overcurrent, however, the
inverter control circuit 120 may turn on the inside fransistors Q1, Q2, thus providing current
paths through the neutral clamping diodes D1, D2 such that a relatively lower impedance 1s
provided between the inverter output node 112 and the neutral N. Such a "grounded” state
may sapport relatively higher RMS current, but with controlled peak current and slower
current decay.

[0031] It will be appreciated that the bridge circuit 110 shown in FIG. 1 is provided
for purposes of illusiration, and that any of a variety of other multilevel bridge circuits may
be used in various embodiments of the inventive subject matier. These may include
multilevel bridge circuiis employing other types of switching devices than the insulated-gate
bipolar transistors (IGBT's) shown in FIG. 1 and muliilevel bridge circuits providing more
levels than the three-level arrangement shown in FIG. 1, e.g., bridge cirenits configured to

support three or higher level operation. It will be further understood that the inverter control
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circuit 120 may, in general, be implemented using analog circuitry, digital circuitry (e.g.,
logic circuitry and/or computing circuitry, such as a microprocessor, microcontroller, digital
signal processor (IDSP) or the like) and combinations thereof.

100327 FIG. 2 illustrates an exemplary implementation of an inverter control circuit
200 according to some embodiments.  The control circnit 200 includes a processor, such as a
DSP-based microcontroller, which iz configured to generate a PWM command signal PWM
and a polarity control signal PC. A bridge driver circuit 222, here shown implemented as a
digital state machine in a complex programimable logic device (CPLID) 220, is configured to
receive the PWM command signal PWM and the polarity control signal PC and to
responsively generate gate drive signals, e.g., signals to be applied {0 gate terminals of the
transistors 01, 2, Q3, Q4 of the bridge circuit 110 of FIG. 1. In particular, the bridge
driver circuit 222 may drive the bridge circuit transistors using duration information provided
by the PWM command signal PWM, with the polarity coramand signal PC indicating which
devices arve to be active in various phase of multi-level operation. Examples of pulse-width
modulated multi-level inverter operations are described, for example, in the aforementioned
U.S. Patent No. 5,361,196 to Tamamachi ef al,, U.8, Patent No. 6,795,323 to Tanaka et al.,
.8, Pateni No. 6,838,925 {0 Nielsen, U.S. Patent No. 7,145,268 to Edwards et al. and U.S.
Patent No. 7,573,732 to Teichmann et al. Some embodiments may also use variable level
inverter control techniques deseribed in copending 1.8, Patent Application Serial No.
13/103,700, entitled "Power Conversion Apparatus and Methods Employing Variable-Level
Inverters” {Atiorney Docket No. 9060-298), filed May 22, 201 1.

[0033] The control circuit 200 also includes an overcurrent detector cirveuit, here
shown as including a comparator circuit 230 configured to receive a current sense signal C5
representative of the output current of the inverter.  The comparator circuit 230 generates an
overcurrent indication signal OCI based on a comparison of the current sense signal CS to an
overcurrent threshold reference signal Fref. The overcurrent indication signal OCI indicates
whether the inverter current is above or below the overcarrent threshold.

{00341 The control circuit 220 further includes an overcurrent characterization cireuit
224, here shown as also implemented in the CPLD 220, The overcurrent characterization
circuit 224 is configured to generafe an overcurrent characterization signal OCC indieating
whether the detected overeurrent is a "high” overcurrent or a "low" overcurrent. As
explained in detail below with reference to FIGs. 4 and 5, this signal may be generated by, for
exampie, measuring a pulse width of the overcurrent indication signal OCI produced by the

comparator circuit 230, which serves as a measure of the amount of overcurrent, Responsive
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to the overcurrent indication signal OCI indicating the presence of an overcurrent, the bridge
driver circuit 222 may conirol the manner in which it generates the gate drive signals based
on the overcurreni characterization signal OCC produced by the overcurrent characterization
circuit 222 to select between, for example, one of the "open” and "grounded" states described
above with reference to FIG. 1.

{0035] FIG. 3 15 a state diagram iHlustrating operations of the bridge driver circuit 222
of FIG. 2 according to some embodiments.  The bridge driver circuit 222 may beginin a
"normal” state 310 in which it operates responsive to the PWM command signal and polarity
contro signal produced by the DSP 210. Responsive to the overcwrrent indication signal
OCI indicating the presence of an overcurrent, the bridge driver circuit 222 transitions to a
second state 320 1n which it determines the appropriate gate drive signals to apply to the
bridge circuit transistors.  If the overcurrent characterization signal OCC indicates a high
overcarrent, the bridge driver cireuit 222 transitions to state 340 in which it applies the
appropriate gate drive signals to provide a relatively high impedance between the bridge
circnit output and neutral {e.g., referring to FIG. 1, the bridge driver circuit 222 tumns off all
of the first, second, third and fourth transistors Q1, Q2, Q3, Q4). If the overcurrent
characterization signal OCC indicates a relatively low overcurrent, the bridge driver circuit
222 trangitions 1o a state 330 in which applies the appropriate gate drive signals to provide a
relatively low impedance between the bridge circuit output and neutral ({e.g., referring to
FIG. 1, the bridge driver circuit 222 turns on the first and second transistors Q1, Q2 to
support conduction via the neutral clamping diodes D1, D2). If an end of the overcurrent
condition i1s indicated by the overcurrent indication signal OCI while in either of these states,
the bridge driver circuit 222 transitions back to the normal PWM operation state 3140,

[0036] A measure of an overcurrent may he generaied by determining a pulse width
of the overcurrent indication signal OCI, which represents a duration for which the inverter
putput current exceeds a threshold level, Referring to FIG. 4, for example, in response to
detecting a change in the state of the current sense signal C8 indicating a current exceeding
the threshold Fref of the comparator cireuit 230 (block 410), a counter may be started (block

420) to accummilate a count for a time interval until the current sense signal CS again falls

equal to a limit N, the overcurrent characterization signal OCI may be put in a logic high state
indicating a high overcurrent (block 450}, If the accumulated count is less than the limit N,
the overcurrent characterization signal OCC may be put in a logic low state indicating a low

overcurrent {block 450).
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[0037] Qperations along these lines are illustrated in FIG. 5. Referring to FIG. 5 in
conjunction with FIG, 2, at a time 0, the overcurrent characterization signal OCC may be at a
high level or a low level, either as the result of a prior overcurrent episode or as a default
state, At the time 1, an excursion of the current sense signal €S above the threshold Vref'is
detected, driving the overcurrent indication signal OCI to 4 logic high state and Initiating a
count that proceeds until the current sense signal again falls below the overcarrent indication
threshold Frefat a time ¢/, driving the overcurrent indication signal OCl o alogic low. In
the illustrated example, the connt thus produced exceeds the limit N, resulting in driving the
overcurrent characterization signal QCC high. Upon a subsequent excursion of the current
sense signal CS above the threshold Frefat a time ¢2, the overcurrent indication signal OClL s
again driven high, cansing the bridge driver circuit 222 to put the bridge circuit inan "open”
{(high impedance to neutral) state due to the currvent staie of the overcurrent characterization
signal OCC. A count is also initiated, terminating when the current sense signal CS again
fallzs below the threshold Prefat a4 time 13, As shown, the count still exceeds the fimit N, thus
causing the overcurrent characterization signal OCC to remain in the logic high state,

[0038} Upon a succeeding excursion of the current sense signal C8S above the
threshold Fref at a time 14, the bridge driver circuit 222 again puts the bridge circuit in an
"open” state based on the current state of the overcurrent characterization signal OCC. A
new count is initiated at time 14, and terminates at a subsequent time 15 when the current
sense signal CS again falls below the threshold FPrefand the overcurrent indication signal
OCI is again deasserted.  As shown, this count is now below the limit N, causing the
overcurrent characterization signal OCC to be driven to a logic low value. In a next
overcurrent interval from a time 6 to a time 7, the bridge driver circuit 222 puts the bridge
circuit in a "grounded” (low impedance to neutral) state due to the low state of the
overcurrent characterization signal QCC. During the infervals between the overcurrent
states, the bridge driver circuit 222 may operate normally in response to the PWM command
signal PWM and the polarity conirol signal PC received from the processor 210

[0039] According to further embodiments, it may be desirable to Hmit the duration
for which the inverter output is maintained in an "open” high-impedance state, In particular,
referring to FIG. 1, when current through the output inductor Loy approaches zero while in
the "open" state, severe overvoltages for the fransistors of the bridge circoit 110 can arise due
to oscillations. This discontinuous mode may be avoided by limiting the time in which the
bridge circuit 110 is in the "open” mode, and switching the bridge circuit 110 to the low-

impedance “"grounded” state before the inductor current reaches zevo.
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(00401 A time period T that it takes for the inductor current to reach zero can be
estimated as:

T=LL ~(V_+V)
where / represents the inductor current at the time the "open” state is entered, Ly 35 the
inductance of the output inductor L., Vew is the output voltage at the right terminal of the
output inductor L, and ¥, is the voltage at the left terminal of the cutput inductor Ly, (the
bridge civcuit output node 112).  According to some embodiments of the inventive subject
matter, a bridge driver circuit may use a time limit based on the estimated time 7, and may
switch from the "open” state to the "grounded” state when that time limit reached.

[0041] FIG. 6 iHustrates a modification of the state machine of FIG. 3 that
incorporates such a timeout limitation. The bridge driver circuit 222 of FIG. 2 may move
among states 310, 320, 330, 340 as described above with reference to FIG, 3 except that,
when in the high impedance "open" state 340, the bridge driver circuit 222 may monitor the
duration for which it is in this state, fransitioning to the low impedance "grounded " state 330
when it has reached & timeout {imit.

{00421 According to further embodiments of the wventive subject matter, an inverter
confrol circuit may also use current direction information fo coutrol overcurrent response.
For example, as illusirated in FIG. 7, an inverter control circuit 700 ineludes a processor,
such as a DSP-based microcontroller, which is configured to generate s PWM command
signal PWM and a polarity control signal PC, A bridge driver circuif722 implemented as a
digital state machine in a complex programmable logic device (CPLD) 720 is configured to
receive the PWM command signal PWM and the polarity control signal PC and to
responsively generate gate drive signals for @ multi-level bridge cireuit.

{00437 The control circuit 700 also includes an overcurrent detector circuit, here
shown as including first and second comparator circuits 730a, 730b configured to receive a
current sense signal CS representative of the output current of the inverter.  The first
comparator circuit 730a generates a positive overcurrent indication signal OCI+ based on a
comparison of the current sense signal CS to a positive overcurrent threshold reference signal
Vref+. The second comparator circuit 730h generates a negative overcurrent indication
signal QCI- based on a comparison of the current sense signal CS 10 a negative overcurrent

threshold reference signal Fref-.

10
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{00441 The comtrol circuit 700 further includes an overcurrent characterization cirouit
724 also implemented in the CPLD 720, The overcurrent characterization circuit 724 is
configured to generate an overcurrent characterization signal OCC indicating whether the
detected overcurrent is a "high" overcurrent or 2 "low™ overcurrent by, for example,
measuring a pulse width of the overcurrent indication signals OCI+, OCI- produced by the
comparator circuits 731a, 730k, Responsive to the overcurrent indication signals OCl+, OCI-
indicating the presence of an overcurrent, the bridge driver civcuit 722 may control the
manner in which it generates the gate drive signals based on the overcurrent characterization
signal OCC produced by the overcurrent characterization cirenit 724 to selectively put the
bridge circuit into one of the "open” and "grounded” states described above.

{00451 Such an arrangement may be particularly advantageous for overcurrent
control in backfeed situations in which current is flowing in a direction opposite to the
current polarity of the bridge circuit.  For example, referring to FIG. 1, when the inverter 100
is providing a positive voltage with the upper transistors Q1, Q3 on, in the presence of an
overcurrent flowing out of the bridge cireuit 110, the bridge driver circuit 722 may put the
bridge circuit 110 10 an "open” state (all of the transistors Q1, Q2, Q3, Q4 off ora
"erounded"” state (inner transistors Q1, Q2 on) based on the overcurrent magnitude, as
described above. However, if, while the bridge circuit 110 is in the positive voltage driving
state, current i3 flowing into the bridge circuit 118, it may be desirable to constrain the bridge
circuit 110 o go to the "open" state, irrespective of the magnitude of the overcurrent. Table
1 iftustrates desirable overcurrent responses for different combinations of bridge cirenit

polarity and overcurrent polarity:

Tabie 1

Bridge Circuit State Current Polarity T Overcurrent Response
Positive Positive Grounded or Open
Positive Negative Open
Negative Positive Open
Negative Negative Grounded or Open

[0046] FIG. 8 15 a state diagram illustrating operations of the bridge driver circuit 722
of FIG. 7 according to some embodiments.  Starting at @ "normal” state 810 in which the

bridge driver circuit 722 operates responsive to the PWM command signal and polarity

1
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control signal produced by the DSP 210, upon assertion of either the positive overcurrent
indication signal OCI+ or the negative overcurrent indication signal OCI~ indicating the
presence of an overcurrent, the bridge driver circuit 722 transitions to a second state 820 in
which if determines the appropriate gate drive signals to apply to the bridge circuit
transistors. If the overcurrent characterization signals OCC indicates a high overcurrent, the
bridge driver circuit 722 transitions {0 a high impedance "open” state 840. I the overcurrent
characterization signal OCC indicates a relatively low overcurrent and a backfeed condition I
not present based on the state of the bridge circuit and which of the positive overcurrent
indication signal OCI+ or the negative overcurrent indication signal OCI- 1s asserted, the
bridge driver circuit 722 transitions to a low impedance "grounded” state 830. If, however, a
low overcurrent is indicated but a backfeed condition is also present, the bridpe driver circuit
722 transtiions o the "open” state 840, As also shown, a timer may be provided to monitor
the duration of the "open” state, forcing transition to the "grounded” state when the timer
expires and no backfeed is present. When an end of the overcurrent condition is indicated by
the overcurrent indication signals OCI+, OCI-, the bridge driver circuit 722 transitions back
to the normal PWM operation state 810,

[0047] Embodiments of the inventive subject matter may be used in variety of
ditferent applications, including in inverters used for producing AC power from batteries,
solar gencrators or wind generators, and in uninterruptible power supply {USP) systems. For
exauple, FIG. 9 iflustrates a UPS system 900 including a rectifier 910, which is configured to
be coupled to a three-phase AC power source, such as a utility source, which provides AB
and phase VOItages Viwy, Vins, Vine. 1he rectifier 910 produces DC voltages Vo, Voo on
positive and negative DC busses 915a, 915b, which are coupled to a newtral N by respective
storage capacitors C1, C2. An auxiliary DC power source, such as a baitery and/or a battery
converter, is eoupled to the positive and negative DC busses 915z, 915b and is configured to
maintain the positive and negative DC voltage Vpes, Froeo in the event of a faitlure of the AC
power source and/or the rectifier 910.  An inverter 920 comprising three bridge circuits 922a,
922b, 922¢ and associated inductors Layg 18 coupled to the positive and negative DC busses
9154, 915b and is configured to produce three phase voliages Voums Yous Voue fom the DC bus
voltages Vpes, Voo The inverter 920 may provide variable overcurrent response along the
lines discussed above with reference to F1Gs. 1-8. It will be appreciated that embodiments of
the inventive subject matter are applicable to wide variety of other applications.

00487 In the drawings and specification, there have been disclosed exemplary

embodiments of the inventive subject matter. Although specific terms are employed, they are

12
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used in 2 generic and descriptive sense only and not for purposes of limitation, the scope of

the inventive subject matter being defined by the following claims.

13
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THAT WHICH IS CLAIMED:

i. An inverter comprising:

a muliilevel bridge circuit; and

a control circuit operatively coupled to the multilevel bridge circuit and configured to
detect an overcurrent for an output of the inverter, to generate a measure of a duration of the
overcurrent and to selectively put an output of the bridge circuit in a8 fivst impedance state or a

second impedance state based on the measure.

2. The inverter of claim 1, wherein the first and second impedance states provide
respective first and second different impedances between the bridge circuit output and a
neutral.

3. The mverter of claim 2, wherein the control circuit is configured to put the
bridge circuit output i the first impedance state when the measure indicates that the duration
of the overcurrent is greater than a threshold and fo put the bridge circuit output in the second
impedance state when the measure indicates that the duration of the overcurrent is less than

the threshold, and wherein the first impedance is greater than the second impedance.

4, The inverter of claim 1
wherein the bridge circuit comprises:
first and second switches having first terminals coupled to the bridge circuit
output; and
first and second neutral clamping diodes coupled between the neutral and
second terminals of the first and second switches, respectively; and
wherein the contred circuit is configured to operate first and second swiiches to
prevent conduction via the first and second neutral clamping diodes in the first impedance
state and to support conduction via the first and second newtral clamping diodes in the second

impedance state.

14
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s

5. The inverter of claim 1, wherein the control circuit comprises:

a comparator circuit configured to generate an overcurrent indication signal
responsive to a comparison of a current sense signal to a reference signal;

an overcurrent characterization circuit configured to generate an overcurrent
characterization signal based on a pulse width of the overcurrent indication signal; and

a bridge driver cirenit configured to control the bridge civcuit responsive to the

overcurrent characterization signal.

6. The mverter of claim §, wherein the bridge driver cireuit is further configured
o receive a pulse width modulation signal and the overcurrent indication signal and to
control the bridge circuit responsive to the pulse width modulation signal for a first state of
the overcurrent indication signal and to control the bridge circuit responsive to the
overcurrent status signal for a second state of the overcurrent indication signal.
7. The tnverter of claim S, further comprising a processor circuit configured to
generate the pulse width modulation signal and wherein the bridge driver circuit comprises a

fixed logic cireuit.

8. The inverter of claim 1, wherein the control circuit is further configured
determine an elapsed time after the bridge circuit output enters the first impedance state and
to transition the bridge cireuit output to the second impedance state responsive to the elapsed

time meeting a predetermined criterion.

9. The inverter of claim 1, wherein the control circuit is further configured to
determine a direction of the detected overcurrent and to control transition of the bridge cireuit

output to the first and second impedance states based on the detected direction.
10 The inverter of claim 9, wherein the control circuit is configured to control
transition of the bridge circuit output to the first and second impedance states based on the

detected direction and a state of the bridge circuit.

11, An uninterruptible power supply {(UPS) comprising the inverter of claim 1.
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12, Aninverter comprising:

a muifilevel bridge circuit; and

a control circuit operatively coupled to the multilevel bridge circuit and configured to
detect an overcurrent and a direction thereof for an output of the inverter, to generate a
measure of a duration of the overcurrent and to selectively put an output of the bridge cireuit
in a first impedance state or a second impedance state based on the measure and the detected

direction.

13. The tnverter of claim 12, wherein the control circuit is configured to
selectively put the bridge cireuit output in the first impedance state or the second impedance

state based on the detected direction and a state of the bridge circuit.

14.  The inverter of claim 13, wherein the first impedance state provides a first
impedance between the bridge circuit ouiput and a neutral and the second impedance state

provides a second impedance between the bridge eircuit output and the neutral.

15, The inverter of claim 14, wherein the control cirenit is configured to put the
bridge circuit output in the first impedance state when the duration of the overcurrent is
greater than a threshold and fo put the bridge circuit output in the second impedance state
when the duration of the overcurrent is less than the threshold, and wherein the first

impedance 13 greater than the second impedance.

6. The inverter of claim 12, wherein the control circuit is configured to
selectively put the bridge circuit output in the first impedance state or the second impedance
states based on the measure when the detected direction indicates an absence of a backfeed
and wherein the control circuit is further configured to constrain the bridge circuit output o
transition to the first impedance state responsive to the detected over current when the
detected direction indicates a presence of the backfeed, frrespective of the measure of the

overcurrent.

17. The inverter of claim 16, wherein the control circuit is configured fo detect the

backfeed based on the detected direction and a state of the bridge circuit.

16
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18.  The mverter of claim 12:
wherein the bridge circuit comprises:
first and second switches having first terminals coupled to the bridge cireuit
output; and
first and second neutral clamping diodes coupled between the neutral and
second terminals of the first and second switches, respectively; and
wherein the control circuit is configured to operate first and second switches (o
prevent conduction via the first and second neutral clamping diodes in the first impedance
state and to support conduction via the first and second neutral clamping diodes in the second

impedance state.
19, A UPS comprising the inverter of claim 12,

20, A method of operating a multi-level inverter, the method comprising:
detecting an overcurrent for an output of the inverter;

generating a measure of a duration of the overcurrent; and

selectively puiting an output of a bridge circutt of the inverter in a first impedance

state or a second impedance state based on the measure.

21.  The method of claim 20, wherein the first and second impedance states
provide respective {irst and second different impedances between the bridge circuit output

and a neutral,

22, The method of claim 21, wherein selectively putting an output of a bnidge
circuit of the inverier in a first impedance state or a second impedance state based on the
measure comprises putting the bridge circuit output in the first impedance state when the
measure indicates that the duration of the overcurrent is greater than a threshold and putting
the bridge circuit output in the second impedance state when the measure indicates that the
duration of the overcurrent is less than the threshold, wherein the first impedance is greater

than the second impedance.

17
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23,  The method of claim 20, further comprising detecting a direction of the
detected overcurrent and wherein selectively putting an output of a bridge circuit of the
wverter i a first impedance state or a second impedance state based on the measure
comprises selectively putting the bridge circuil output in the first impedance state or the

second impedance state based on the measure and the detected direction.

24, The method of claim 23, wherein selectively putting the bridge circuif output
in the first impedance state or the second impedance state based on the measure and the
detected divection comprises selectively putting the bridge cireuit output in the first
impedance state or the second impedance state based on the detected direction and a state of

the bridge circnit,

18
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