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COMMUTATION TECHNIQUE FOR AN AC-TO-AC
CONVERTER BASED ON STATE MACHINE
CONTROL

FIELD OF THE INVENTION

[0001] The present application relates, in general, to con-
verters and, more particularly, to a commutation technique
for AC-to-AC converters based on state-machine control.

BACKGROUND OF THE INVENTION

10002] AC-to-AC converters, such as cycloconverters and
matrix converters, are used to transform AC voltage at one
frequency mto AC voltage at another frequency without the
use of an mtermediate DC link.

[0003] Cycloconverters have been in use since the 1920s,
when mercury arc rectifiers were used 1n large industrial
environments in variable-speed motor-drive applications.
Generally, these early applications involved converting AC
voltage at one frequency to AC voltage at a lower frequency.
Recent applications are found 1n alternative energy systems
and uninterruptible power supplies. There 1s a wealth of
literature on the operation and control of these cyclocon-
verters.

[0004] In the usual applications, such as industrial motor
systems, a substantial inductive load (a motor) smoothes
(filters) an output load current into a sinusoidal waveform,
with ripple, that tracks a corresponding reference sinusoidal
voltage with a phase lag. Commutating the load current
between the switches of the cycloconverter has generally
presented a significant challenge. The substantially induc-
tive load requires a continuous current path, suggesting a
make-belore-break switching technique. However, the input
voltage source requires that no short-circuit current paths
exist, suggesting a break-before-make switching technique.
As such, these early cycloconverters could not optimally
manage this dichotomy; as a result, they suflered from poor
elliciency and extremely poor input power factor and har-
monic noise.

[0005] Commercial availability of the semiconductor thy-
ristor in the 1960s led to a resurgence of popularity and
renewed research on the cycloconverter. The thyristor pro-
vided lower power losses compared to mercury-arc rectifi-
cation devices, and thus allowed for more eflicient energy
conversion. However, the switching control techniques
remained unchanged.

[0006] Cycloconverters regained interest in the early
1970s, championed by B. R. Pelly and L. Gungyi. Pelly and
Gungyi a produced detailed analysis of the operation of the
cycloconverter, as well as of the harmonic analysis. A
well-respected publication 1s B. R. Pelly, Thyristor phase-
controlled converters and cycloconverters; operation, con-
trol, and performance, New York: Wiley-Interscience, 1971.
Commercially available thyristors continued to be
improved, resulting 1n faster switching speeds and lower
losses. However, the i1ssue of load current commutation
remained problematic. One example of the problematic
current commutation that may occur 1s when the current 1n
a thyristor decays to zero under reverse-bias conditions
(freewheeling). Without enough reverse recovery time, a
function of the semiconductor physics, this thyristor does
not completely turn ofl and will begin to conduct current as
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the voltage rises 1n the forward-bias direction. There are
other commutation-failure examples described 1n the litera-
ture.

[0007] This load current commutation issue has been
practically addressed by applying one of two design meth-
odologies: a circulating current mode or a non-circulating
current mode. The circulating current mode involved an
overlap of the outgoing and mcoming converters. The out-
going converter 1s comprised of the switch elements that are
currently conducting current, and the incoming converter 1s
comprised of the switch elements that will conduct the
current after the commutation occurs. In some implementa-
tions, both converters are always on. On average, the voltage
difference between the converters 1s made to be zero but
instantaneously 1s non-zero. Inter group reactors (IGR) are
used to limit the resulting short circuit current. Instanta-
neously, reactive power flows from the positive converter
(the converter that conducts average positive load current),
through the IGR, through the negative converter (the con-
verter that conducts average negative current), and then back
into the source. This circulating current ensures that the load
current does not became discontinuous and could naturally
commutate at exactly the right moment as determined by the
characteristics of the load circuit. However, the circulating
current mode results in poor efliciency and poor source
power lactor. These drawbacks, coupled with the difliculty
of implementing the phase angle modulation, ensured that
the cycloconverter still remains a less common topology.

[0008] The non-circulating current mode involves opera-
tion of, at most, one converter at a time (positive converter
or negative converter). Dead time 1s added to ensure that the
outgoing converter 1s completely turned ofl prior to turning
on the mncoming converter—alleviating the requirement of
the inter-group reactor and improving efliciency. However,
this dead-time adds distortion at the zero-crossing as the
load current becomes zero for a finite time. This distortion
also adds to the harmonic pollution of the input sources.
Despite these problems, this technique became a very popu-
lar implementation of the cycloconverter. A well-known
limitation of this technique 1s the requirement for accurate
knowledge of the current zero-cross. Uncertainty in the
sensing of the load current due to rnipple or other noise can
complicate the control action.

[0009] Pelly described various commutation methods such
as “the fundamental current” and “the first current zero
technique.” Theoretically, the fundamental current tech-
nique results 1 commutation at exactly the correct instant.
Practically, the fundamental current wavetorm 1s diflicult to
obtain, since low-pass filtering adds phase shift, which 1s
dificult to compensate. Other techmques, such as the first-
current zero technique, purposely introduce dead-time by
turning oil the outgoing converter the instant the actual load
current first becomes zero. For a load current with a large
ripple component, the outgoing converter 1s thus turned off
for a substantial period of time before the fundamental
component of the load current crosses zero. This current
commutation 1ssue continues to be a significant hurdle, and
commercial cycloconverters function only because of skilful
tweaking by talented engineers.

[0010] Load current sensing is complicated by detector
sensitivity over an entire range ol operation from the full
load current to the thyristor holding current. To overcome
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this mherent uncertainly, window detectors have been used
with a dead band around the zero current cross. Alternative
methods of indirectly sensing load current polarity include
sensing the thyristor forward-voltage drop or detecting volt-
age spikes on diodes as they transition from forward-
conducting to reverse-blocking.

[0011] Cycloconverters were re-examined in the 1980s
and improved by the use of a high-frequency resonant link.
The high-frequency resonant link allowed the cyclocon-
verter bridge voltage (input voltage) to be made zero for a
period of time. Thus, load current commutation could be
performed without danger of shorting the input supply. Most
of the papers discussing this method focus on the control and
operation of the resonant link.

[0012] A circuitry topology referred to as a “matrix con-
verter” has also emerged. The matrix converter has been
more broadly used as its applications include both AC-AC
conversion and DC-AC conversions. Like the cyclocon-
verter, the matrix converter eliminated a need for internal
energy storage and a DC link by connecting the load directly
to the source through a matrix of switches. In principle,
arbitrary mput to output voltage and frequency conversion 1s
possible. However, unlike the cycloconverter, the matrix
converter 1s forced-commutated and does not include free-
wheeling current paths. The matrix switch configuration
needs to provide a current path during operation. As such,
simultaneous control and commutation 1s a significant chal-
lenge.

[0013] 1In 1990, a DC-AC conversion method, referred to
as a pulse width modulated (PWM) cycloconverter, was
introduced. This new conversion method applies AC-AC
converter techniques to the challenges of inverters for alter-
native energy systems and unminterruptible power supplies.
There are two techniques in the literature describing the
operation of the PWM cycloconverter, both using a square
wave derived from a DC source, such as a fuel cell or
photovoltaic panel, as the oscillating input voltage source—
often called an AC link. In the first technique, the square
wave 1s generated upstream of the cycloconverter by a
separate switching power supply. In the second technique,
the square wave 1s generated such that the edge-timing lends
itself to a gating process that results 1n an output wavelorm
at the load that would match the wavetform obtained from a
conventional pulse width modulated inverter. In either tech-
nique, the relatively high frequency of the AC link, dictated
by the fidelity requirements of the PWM process, requires
proper commutation of load current.

[0014] In a switched cycloconverter, commutation can
occur by one of two methods, natural or forced. Natural
commutation 1s defined to occur when current commutates
solely due to the characteristics of the circuit and without
switch action. Hence, the precise timing of the commutation
1s uncontrolled. Forced commutation occurs when explicit
switching 1s used to purposely commutate current from one
switch pair to another or to force a current zero-cross. The
non-circulating current method (deadtime method) 1s an
example of forced commutation while the circulating current
method (both converters always on plus the IGR) 1s an
example ol natural current commutation.

[0015] Forced commutation has many well known nega-
tive eflects such as increased switching losses, generation of
clectromagnetic interference, and poor wavelorm quality
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due to zero-cross distortion and sensitivity to the timing of
the switching. The use of the IGR to achieve natural
commutation also has substantial losses 1n the IGR,
increased size and weight due to the IGR, and poor mput
power factor due to the circulating current in the 1GR.

[0016] Inview of the above described techniques, it would
be desirable to provide a cycloconverter that facilitates
natural commutation and mitigates the necessity for inter-
group reactors (circulating current mode) and inter-group
switching dead time (non-circulating current mode).

BRIEF SUMMARY OF THE INVENTION

[0017] The present invention is defined by the appended
claims. This description summarizes some aspects of the
present embodiments, and should not be used to limit the
claims.

[0018] One aspect 1s to provide a system for controlling a
commutation of a load current 1n an AC-to-AC converter.
The system comprises a converter that includes a plurality of
switching elements, an energy source that provides an
oscillating voltage and 1s connected to the converter, an
electrical load connected to the converter, and a controller
that controls the converter, and monitors the oscillating
voltage and the load current delivered to the electrical load.
The controller determines a plurality of states of the con-
verter, each of the plurality of states representing a corre-
sponding conducting set of the plurality of switching ele-
ments, and performs switches between the plurality of states
based on polarity commutations of the load current in the
clectrical load and polarity commutations of the oscillating
voltage

[0019] Another aspect is to provide a method for commu-
tating a single-phase load current of a cycloconverter output.
The method comprises providing an oscillating voltage to
the cycloconverter which has a bidirectional output bridge,
determining when a polarity commutation of the source
voltage occurs, inhibiting the gating of a first set of elements
that impose the source voltage across the load to provide a
freewheeling current path for the load current, determining
when the load current flowing through the freewheeling
current path crosses a non-zero current threshold, and gating
on a second set of elements that enables a polarity commu-
tation (zero-cross) ol the load-current and supports the
commutated polarity of the source voltage.

[0020] A further aspect is to provide a state-machine based
method for controlling a cycloconverter. The state-machine
based method provides an AC-to-AC converter which 1s
coupled to an electrical load and to an energy source
supplying an oscillating voltage, and identifies a plurality of
machine states, each of the plurality of machine states
representing a corresponding conducting set of switching
clements of a bidirectional output bridge of the converter.
The method also monitors polarity commutations of the
oscillating voltage and of the load current, and switches
between the plurality of machine states based on the polarity
commutations of the oscillating voltage and load current.

[0021] Still, another aspect is to provide a method for
commutating a multiphase load current of a cycloconverter
output. The commutating method provides an oscillating
source voltage to the three-phase cycloconverter which has
a three-phase bidirectional output bridge with a phase-leg



US 2007/0035265 Al

for each of the three phases of the load current, and
determines when a polarity commutation of the source
voltage occurs. The method also inhibits a gating of a
corresponding first set of elements that imposes the source
voltage to provide a freewheeling current path for each of
the corresponding phase currents, determines when the
corresponding phase load current flowing through the free-
wheeling current path crosses a non-zero current threshold,
and gates on a second set of elements that enables a polarity
commutation (zero-cross) ol the corresponding phase load
current and supports the commutated polarity of the corre-
sponding phase of the source voltage.

[10022] Illustrative and exemplary embodiments of the
invention are described i further detail below with refer-
ence to and 1n conjunction with the figures.

BRIEF DESCRIPTION OF THE DRAWINGS

10023] The components and drawings need not necessarily
be to scale, and instead serve merely to schematically
illustrate the fundamental concepts of the invention. The
invention, including its construction and method of opera-

tion, 1s 1illustrated diagrammatically 1in the drawings, in
which:

10024] FIG. 1 i1s a block diagram illustrating an example
circuit suitable for controlling a commutation of a load
current;

[0025] FIG. 2 1s a block diagram illustrating an example of
a prior art circuit suitable for commutating a load current;

[0026] FIG. 3 is schematic diagram of a cycloconverter
with a four quadrant output bridge;

10027] FIGS. 4a-4b are schematic diagrams of positive
and negative converters of the cycloconverter of FIG. 3 for
positive and negative source voltage polarity respectively;

10028] FIGS. 54-5d are schematic diagrams illustrating
static switch configurations of the cycloconverter of FIG. 3;

[10029] FIGS. 6a-6d are schematic diagrams illustrating a
source voltage commutation during a positive load current;

[0030] FIGS. 7a-7d are schematic diagrams illustrating a
source voltage commutation during a negative load current;

[0031] FIG. 8 is a graph illustrating a zero-cross of an
output bridge load current of a silicon controlled rectifier
with dead time:

10032] FIG. 9 is a graph illustrating a zero-cross of an
output bridge load current of a silicon controlled rectifier
without dead time;

10033] FIG. 10 is a schematic circuit of a current polarity
window detector;

10034] FIG. 11a-11d are schematic diagrams of load cur-
rent zero-cross commutations:

[0035] FIG. 12 is a diagram illustrating output bridge state
transition of a state-machine control of an SCR based

cycloconverter;

10036] FIG. 13 is a graph illustrating waveforms and logic
signals of the output bridge of the cycloconverter;

10037] FIG. 14 is a graph illustrating a load current
zero-cross 1n the output bridge of the cycloconverter; and
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[0038] FIG. 15 is a schematic diagram of a three-phase
cycloconverter.

DETAILED DESCRIPTION OF TH.
INVENTION

L1l

[0039] While the present invention may be embodied in
vartous forms, there 1s shown in the drawings and will
heremnafter be described via exemplary and non-limiting
embodiments, with the understanding that the present dis-
closure 1s to be considered an exemplification of the inven-
tion, and 1s not intended to limait the invention to the specific
embodiments illustrated.

[0040] In this application, the use of the disjunctive is
intended to include the conjunctive. The use of definite or
indefinite articles 1s not mtended to indicate cardinality. In
particular, a reference to “the” object or “a or an” object 1s
intended to also denote one of a possible plurality of such
objects.

[0041] Turning now to the figures, FIG. 1 shows an
example circuit 100 suitable for controlling a commutation
of a load current. Circuit 100 comprises an AC voltage
source 102 coupled to a load 104 via a cycloconverter 106.
Cycloconverter 106 comprises switch elements 108 config-
ured to commute a load current supplied to load 104. Circuit
100 further comprises a gating signal generator 110, which
holds a voltage reference for load 104, and a controller 112,
which controls the cycloconverter 106 by steering gate pulse
signals received from gate signal generator 110 to appropri-
ate switch elements 108 to prevent commutation failure of
the load current. Gating signal generator 110 further com-
prises timing circuits (not shown) used to derive gate signals
to turn each of switch elements 108 on and off. Although
shown 1n FIG. 1 as separate circuit components (separate
diagram blocks), gating signal generator 110 and controller
112 can be combined 1nto one circuit component.

[0042] FIG. 2 shows a block diagram illustrating an
example of a prior art circuit 200 suitable for commutating
a load current without using a controller to steer gate pulse
signals received from gate signal generator 202 to appro-
priate switch elements 108 to prevent commutation failure
of the load current. In this prior art circuit 200, gating signal
generator 202 provides dead-time between gate signals as

needed for the dead-time technique used during the com-
mutation of the load current.

10043] FIG. 3 shows a single-phase cycloconverter output-
bridge 300. As with typical AC-to-AC converters, four-
quadrant switches are needed to conduct bidirectional cur-
rent and block bidirectional voltage. To realize this
functionality, two anti-parallel umdirectional conducting
switches are utilized 1n the cycloconverter 300, so that each
umidirectional conducting switch 1s used to carry one polar-
ity of load current and block both polarities of source
voltage.

10044] Cycloconverter 300 includes a source 310 that
provides an oscillating voltage V¢ to a load 312 and to eight
umdirectional conducting switches Q1-(08314-328. For the
sake of simplicity, hereatfter the oscillating voltage V, may
be shown and described as a square-wave oscillating voltage
(as would be the case 1n a PWM cycloconverter), but can be
any other oscillating voltage (including the sinusoid 1n a
conventional cycloconverter). The oscillating voltage V¢ has
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a Irequency greater than a frequency of a targeted load
voltage. The eight conducting switches Q1-(08314-328 are
arranged 1n pairs of separately controlled anti-parallel
switches, a pair of switches for each leg of the four quadrant
“H” bridge. Although, 1n FIG. 3 the conducting switches
(01-Q8314-328 are represented as silicon controlled rectifier
(SCR) thyristors, alternate unidirectional switch-elements
can be used. Switches (Q1-(08314-328 are gated on (com-
manded to turn on) i1n pairs to establish and maintain a
continuous current path from voltage source 10 through the
load 12, and are referred to as switch pairs, (Q1, Q2) 314,

316, for example.

[0045] Switches of the bidirectional bridge cycloconverter
are separated mto two converter groups based on a polarity
of the source voltage Vg, as shown i FIGS. 4aq and 4b. A
positive converter 400a comprises switch pairs (Q1, Q2)
314, 316 and (QS, Q6) 322, 324. A negative converter 4005
comprises switch pairs (Q3, Q4) 318, 320 and (Q7, (08) 326,
328. In the remainder of this paper, references to positive
converters or to negative converters are meant to indicate
that the corresponding converters are conducting current
during positive polarity or negative polarity of the source
voltage, respectively. As such, load current can be positive
or negative in either positive or negative converters.

[0046] There are four possible switch configurations
derived from all potential combinations of source voltage V
and load current I, __, 1n the cycloconverter 300, as shown 1n
FIGS. 5a-5d. For positive load current I, _,, switches (Q1,
Q2) 314, 316 of the positive converter 400a conduct during
positive source voltage V, as shown i FIG. Sa, and
switches (Q3, Q4) 318, 320 of the negative converter 4005
conduct during negative source voltage V, as shown in FIG.
5b. Similarly, for negative load current I,__,, switches (Q5,
Q6) 322, 324 of the positive converter 400a conduct during
positive source voltage V., as shown i FIG. 3¢, and
switches (Q7, Q8) 326, 328 of the negative converter 4005
conduct during negative source voltage V, as shown 1n FIG.

Sd.

10047] Now referring to FIGS. 6a-6d, a first switching
sequence (16—2a—=2b—1a—15b) 602 of a source voltage
commutation during a positive load current I,__, 1s shown 1n
four schematic diagrams. In FIG. 6q, first switching
sequence 602 begins at interval 15 of the first switching
sequence 602, where positive load current I, __, increases in
magnitude while being conducted via gated switch pair (Q1,
(Q2) 314, 316 of the positive converter 400a with a positive
source voltage V, as 1n the configuration in FIG. 5a. Thus,
FIG. 6a retlects the FIG. 5a configuration of the cyclocon-
verter 300 with gated switch pair (Q1, Q2) 314, 316 (interval
15). In FI1G. 6b, the first switching sequence 602 1s at interval
2a where the source voltage V¢ has switched polarity to
become negative. Thus, causing the gating signal to be
suppressed and positive load current I, , to freewheel
through the last gated switch pair (Q1, Q2) 314, 316 while

decreasing 1n magnitude.

10048] InFIG. 6¢, the first switching sequence 602 reaches
interval 26 where a gating signal has been applied to the
incoming converter, causing positive load current I, , to
increase in magmtude while being conducted via newly
triggered switch pair (Q3, Q4) 318, 320 of the negative
converter 40056 with a negative source voltage V. Thus,
FIG. 6c¢ reflects the FIG. 5b configuration of the cyclocon-
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verter 300 with gated switch pair (Q3, Q4) 318, 320. In FIG.
6d, the first switching sequence 602 1s at interval 1a where
the source voltage V. has switched polarity to become
positive, causing the gating signal to be suppressed and
positive load current I,_ ., freewheels through last gated
switch pair (Q3, Q4) 318, 320 while decreasing 1n magni-
tude. The cycle repeats when the next gated switch pair (Q1,
Q2) 314, 316 conducts the positive load current I,__, while
the source voltage Vg 1s positive in FIG. 6a.

loa

10049] Now referring to FIGS. 7a-7d, a second switching
sequence (3b—da—=4b—=3a—=3b) 702 of a source voltage
commutation during a negative load current I, , 1s shown 1n
four schematic diagrams. In FIG. 7a, the second switching
sequence 702 begins at interval 35 where negative load
current I, _, increases in magnitude while being conducted
via gated switch pair (Q5, Q6) 322, 324 of the positive
converter 400a with a positive source voltage Vq as i the
configuration i FIG. 5¢. Thus, FIG. 7a reflects the FIG. 5¢
configuration of the cycloconverter 300 with gated switch
pair (O3, Q6) 322, 324 (interval 3b). In FIG. 7b, the second
switching sequence 702 1s at interval 4a where negative load
current I, _, freewheels through last gated switch pair (Q5,
6) 322, 324 while decreasing 1n magnitude, and the voltage
V< has switched polarity to become negative.

[0050] In FIG. 7¢, the switching sequence 702 reaches

interval 456 where negative load current I, 1ncreases 1n
magnitude while being conducted via triggered switch pair
(Q7, Q8) 326, 328 of the negative converter 4006 with a
negative voltage V. In FIG. 700d, the switching sequence
702 1s at interval 3a where negative load current I,__,
freewheels through the last gated switch pair (Q7, Q8) 326,
328 while decreasing in magnitude, and the voltage V has
switched polarity to become positive. The cycle repeats
when the next gated switch pair (Q5, (06) 322, 324 conducts
the negative load current while the voltage Vq 1s positive 1n
FIG. 7a.

[0051] By convention, the conducting pair of switches that
1s scheduled to be turned-ofl is referred to as “the outgoing
converter” and the next conducting pair of switches that 1s
scheduled to be turned-on i1s referred to as “the incoming
converter.” During commutation of load current I,__,, the
incoming converter 1s chosen to support the source voltage
V. and prevent commutation failures in the cycloconverter.
When the load current I,__ , 1s positive, commutating current
from the positive converter 400a (the outgoing converter) to
the negative converter 4006 (the incoming converter)
involves turming on switch pair (Q3, Q4) 318, 320 and then
turning-ofl switch pair (Q1, Q2) 314, 316. A continuous path
for the load current I, __, 1s thus maintained and the opposite
polarities of the switching devices prevent short-circuiting
of the source voltage V. A similar pattern 1s followed for
negative load current I,__ ;.

[0052] Commutation of the load current I, __ , during a load
current zero-cross 1s substantially problematic. For positive
source voltage Vg, as shown 1n FIG. 4a, switches (Q1, Q2)
314, 316 conduct positive load current I, __ .. In FIG. 8, graph
800 shows that between time to and time t, (gated interval)
positive load current I, _, increases in magnitude while
being conducted via triggered switch pair (Q1, Q2) 314, 316
of the positive converter 400a with a positive source voltage
V.. The t; to t; time interval can be referred to as a gated
interval. Between time t, and t,, (freewheeling interval),
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positive load current I freewheels through the last gated
switch pair (Q1, Q2) 314 316 while decreasing 1n magni-
tude. The t, to t, time 1nterval can be referred to as a
freewheeling interval. As the load current I, __, reaches zero
at time t,, switch pair (Q5, Q6) 322, 324 needs to be turned
on 1in order to conduct negative current I, _, with a positive
source voltage.

[0053] However, turning on switch pair (Q5, Q6) 322,
324, while switch pair (Q1, Q2) 314, 316 1s still on, results
in a short circuit of the input voltage source V4. As such, a
finite time period between time t, and time t,, a reverse
recovery time, 1s needed between the extinction of current in
the outgoing converter and conduction of current in the
incoming converter. During this dead-time, t, to t,, the load
current I, ., becomes discontinuous and stationary at a zero
value, as shown 1n FIG. 8. Further, after time t5, load current
I,..q becomes negative via a forced commutation event
which occurs due to deliberate switching.

[0054] In the proposed commutation technique, suitable
tor the PWM cycloconverter power conversion systems, the
cyelecenverter 300 1s controlled such that the load current
I 1s allowed to commutate naturally, as determined by the
characteristics of the load, by proper sequencing of the
switching 1n the output bridge. The proposed switching
technique 1dentifies the correct set of sequences of switching
of the incoming converter such that, given the polarity of the
source voltage V¢ no provision for the reverse recovery 1s
required, the requirement for dead time 1s alleviated, and
smooth commutation 1s provided for the load current I,__,
through the zero cross as shown 1n FIG. 9. Thus, commu-
tation failures are prevented and zero-cross distortions,
inherent 1n existing techniques, are mitigated without usmg
additional components that lower the energy conversion
elliciency. This proposed switching technique expands the
utility of the cycloconverter topology beyond industrial
motor drives 1n that 1t facilitates implementation of a low-
cost inverter design based on the PWM cycloconverter that
1s suitable for alternative energy systems or umnterruptible
power supplies (UPS).

[0055] Now referring to FIG. 9, a graph 900 illustrating a
zero cross of an output bridge load current of a silicon
controlled rectifier without dead-time 1s shown. As shown 1n
FIG. 9, load current I,__, crosses zero at time t; without
dead-time. To accomplish this, once load current I,
crosses a greater than zero current threshold I, 902 at time
t,, a switch pair 1s turned on that supports the polarity of the
source voltage V, during this switching cycle but provides
a conduction path for the load current reversal.

[0056] The proposed commutation technique 1s based on
s1X assumptions of the operation of the thyristor-based PWM
cycloconverter 300 of FIG. 3, as follows:

[0057] 1. For every source voltage commutation, a
load-current mimmum always occurs during the free-
wheeling interval.

[0058] 2. There exists a unique switch-pair that 1s gated
for every transition 1n source voltage polarity.

[0059] 3. Switching occurs only once per source voltage
commutation.

[0060] 4. There exists a threshold current level such that
no source voltage commutation occurs prior to the load
current Zero-cross.
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[0061] 5. There exists a threshold current less than a
ripple component of the load current but greater than
the switch element (thyristor) holding current.

[0062] 6. The frequency of the input AC source is
greater than the desired cycloconverter output fre-
quency.

[0063] Assumption 1 1s verified by inspection of FIG. 8
where an absolute value of the magnitude of the load current
I,..q 1s decreasing during a freewheeling interval (when the
voltage imposed on the load 1s negative with respect to the
load current) and increasing during a switch pair gated
interval (when the voltage imposed on the load 1s positive
with respect to the load current). Assumption 2 1s satisiied by
the requirements of providing a continuous load current path
and avoiding shorting-out the source voltage V.. Assump-
tion 3 prevents commutation failure from reverse-recovery
problems. Assumption 4, shown 1 FIG. 9, 1s fulfilled by
choosing threshold current limits arbitrarily close to zero.
Assumption 5 implies that the actual threshold limits be set
near the holding current of the switch element. Assumption
6 1s implemented by design.

[0064] Threshold signals I, 902 and I, 904 are defined
such that I 904 (the negative current threshold) can be
considered as a less-than-zero load current and I, 902 (the
positive current threshold) as greater-than-zero load current.
As such, by definition, I,=I=1 1s an invalid signal. Imple-
mentation of the current threshold limaits I, 902 and I 904
1s shown as a windows comparator i FIG. 10.

[0065] The polarity of the load current I, __,is required but
can be obtained by a variety of techniques. As such, signals
I, 902 and I 904 are defined such that:

Ip=I_ >+lm Equation 1
and
=1, .q<-11m Equation 2

[0066] Prior to time t,, the source voltage V. changes
polarity (from negative to positive) and load current I,__,
decreases and freewheels via the outgoing converter (last
gated switch pair). At time t,, the incoming converter switch
pair 1s turned-on and imposes the positive source voltage V.
across load 312 1n a positive direction, resulting in an
increase 1n the magnitude of the load current I,__,. At time
t,, the source voltage V, commutates to become negative
and gate-pulses to the switch pair are halted (gated oil). The
load current I, , continues to decrease, freewheeling
through the outgoing converter. When dead-time control 1s
used, as 1n FIG. 8, the load current I,_ . freewheels until
reaching zero at time t,. The load current I, _, remains zero
until time t, when the next switch pair 1s gated-on. To avoid
dead-time control, the load current I,__, 1s allowed to free-
wheel after time t, until it crosses the positive current
threshold I, 902, at time t,, at which point the switch pair of
the mncoming converter 1s gated-on to provide a conduction
path for current reversal. The load current I,__, continues to
flow through the freewheeling (outgoing converter) switch
pair until t; when the current commutates to the already
gated-on incoming converter switch pair.

[0067] In the dead-time technique, the incoming converter
1s gated on at time t, after a dead-time interval. In the
proposed technique, t; occurs naturally as determined by the
load characteristics. The incoming converter of both tech-
niques 1s carrying increasing load current I, , after t; until
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the source voltage polarity changes at t , completing the load
current zero-cross commutation. In FIG. 9, between t, and t,,
no switching occurs, and at t, load current zero-cross 1s due
to circuit characteristics and hence occurs naturally.

[0068] There are four possible sequences for commutating
the load current I, , through a zero-cross, as shown 1n FIGS.
11a-11d. In FIGS. 11a-11d, two pairs of schematic diagrams
1102-1104 and 1110-1112 illustrate positive to negative load
current commutations for positive and negative source volt-
age, and two pairs of schematic diagrams 1106-1108 and
1114-1116 1illustrate negative to positive load current com-
mutations for positive and negative source voltage V.

[0069] Now referring to FIG. 11a, the source voltage V.
commutates from positive to negative polarity while the load
current 1s positive. The gate signal i1s suppressed to the
outgoing converter and load current I, decreases toward
zero, freewheeling via the outgoing converter (last gated
switch pair) (Q1, Q2) 314, 316, as shown 1n diagram 1102.
When the decreasing current crosses the I, threshold, gate
pulses are enabled to the incoming converter. The outgoing,
converter (Q1, Q2) 314, 316 continues to conduct until I, _,
reverses polarnty. At the current load zero-cross, the incom-
ing converter switch pair (Q7, Q8) 326, 328 automatically
turns-on due to the characteristics of the thyristor, and
imposes the negative source voltage V across load 312 in a
positive direction, resulting 1n an increase in the magmtude
of the load current I,__,, in the negative polarity as shown 1n

diagram 1104.

[0070] Now referring to FIG. 115, the source voltage V.
commutates from negative to positive polarity while the load
current 1s positive. The gate signal i1s suppressed to the
outgoing converter and load current I, decreases toward
zero, freewheeling via the outgoing converter (last gated
switch pair) (Q3, Q4) 318, 320, as shown 1n diagram 1106.
When the decreasing current crosses the I, threshold, gate
pulses are enabled to the incoming converter. The outgoing,
converter (Q3, Q4) 318, 320 continues to conduct until I, __,
reverses polarity. At the load current zero-cross, the 1ncom-
ing converter switch pair (Q3, Q6) 322, 324 automatically
turns-on due to the characteristics of the thyristor, and
imposes the positive source voltage Vg across load 12 1n a
negative direction, resulting 1n an increase in the magnitude
of the load current I, 4, 1n the negative polarity as shown 1n

diagram 1108.

[0071] Now referring to FIG. 11¢, the source voltage V.
commutates from positive to negative polarity while the load
current 1s negative. The gate signal 1s suppressed to the
outgoing converter and load current I,__, increases toward
zero (becomes less negative), freewheeling via the outgoing
converter (last gated switch pair) (Q5, Q6) 322, 324, as
shown 1n diagram 1110. When the increasing current crosses
the I threshold, gate pulses are enabled to the mmcoming
converter. The outgoing converter (Q5, Q6) 322, 324 con-
tinues to conduct until I,__, reverses polarity. At the load
current zero-cross, the imncoming converter switch pair (Q3,
Q4) 318, 320 automatically turns-on due to the character-
istics of the thynistor, and 1mposes the negative source
voltage V across load 312 1n a negative direction, resulting
in an increase in the magnitude of the load current I, 1n
the positive polarity as shown 1n diagram 1112.

[0072] Now referring to FIG. 11d, the source voltage V4
commutates from negative to positive polarity while the load
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current 1s negative. The gate signal 1s suppressed to the
outgoing converter and load current I, increases toward
zero (becomes less negative), freewheeling via the outgoing
converter (last gated switch pair) (Q7, Q8) 326, 328, as
shown 1n diagram 1114. When the increasing current crosses
the I, threshold, gate pulses are enabled to the incoming
converter. The outgoing converter (Q7, (O8) 326, 328 con-
tinues to conduct until I, reverses polarity. At the current
load zero-cross, the incoming converter switch pair (Q1, Q2)
314, 316 automatically turns-on due to the characteristics of
the thyristor, and imposes the positive source voltage Vi
across load 312 in a positive direction, resulting in an
increase 1n the magnitude of the load current I,__,, 1n the
positive polarity as shown in diagram 1116.

10073] In FIG. 12, an output bridge state transition dia-
gram ol a state-machine control 1200 for the cycloconverter
300 1s shown. The proposed switching technique between
state transitions 1s implemented via state-machine control.
Four states 1202, 1204, 1206 and 1208 are shown, with each
one representing the currently conducting unidirectional
switch pair. Input signals to the eight state transitions are the
polarity of the source voltage V, the I, 902 and I; 904 load
current polarity signals. A new switch pair 1s enabled for
every change in polarity of the source voltage Vg, thus the
source voltage polarity 1s a clock of the cycloconverter state
machine.

[0074] State transitions 1210, 1212 between (Q1, Q2)
machine state 1202 and (Q7, (Q8) machine state 1204 are
accomplished with polarity switches for both the source
voltage V¢ and the load current I,__,, and similarly for state
transitions 1214, 1216 between (Q3, Q4) machine state 1206
and (Q5, Q6) machine state 1208. These 4 state transitions
1210, 1212, 1214, and 1216, which occur at a frequency of
the desired load current I, , and referred to as horizontal
transitions, reflect load current zero-cross commutations.

[0075] State transitions 1218, 1220 between (Q1, Q2)
machine state 1202 and (Q3, (Q4) machine state 1206 are
accomplished with polarity switches for the source voltage
V. while the load current I,__, 1s greater than the I, 902
current threshold. Similarly, state transitions 1222, 1224
between (Q5, Q6) machine state 1208 and (QQ7, (Q8) machine
state 1204 are accomplished with polarnty switches for the
source voltage Vo while the load current I, 1s less than the
Iy 904 current threshold. These 4 state transitions 1218,
1220, 1222, and 1224, occur at the frequency of the source
voltage V4 and all referred to as vertical transitions, where
a delay (DE) PWM signal 1s used to gate the switching
clements for positive load current I, 4, and an advance (AD)
PWM signal 1s used to gate the switching elements for
negative load current I, ;. The delay PWM signal obtained
from a multi-carrier PWM process or equivalent 1s used for
positive load current. The advance PWM signal obtained
from the multi-carrier PWM process or equivalent 1s used
for the negative load current. Other suitable signals for
positive and negative load current can be generated by other
Processes.

[0076] Commutation failures are prevented by only allow-
ing the above discussed horizontal state transitions 1210,
1212, 1214, and 1216, and vertical state transitions 1218,
1220, 1222, and 1224. As such, state transitions between
switch pair (Q1, Q2) 314, 316 machine state 1202 and
switch pair (Q5, Q6) 320, 322 machine state 1208, and
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between switch pair (Q3, Q4) 318, 320 machine state 1206
and switch pair (Q7, (08) 326, 328 machine state 1204 are

not allowed.

[0077] Now referring to F1G. 13, a graph 1300 illustrating
wavetorms and logic signals of the output bridge of the
cycloconverter 1s shown. Signals QI1Q2EN, Q3Q4EN,
Q50Q6EN, and Q7Q8EN represent the current state of the
state-machine as determined by the signals VSPOL repre-
senting the polarity of the source voltage V and I, and I as
previously discussed. Output signals Q1Q2S, Q30Q4S,
Q506S, and Q7Q8S are created by steering the AD and
delay DE signal pulses to the current switch pair enabled by
the state-machine control and trigger multivibrators (not
shown). These AD and DE signal pulses are generated by a
separate PWM process (not shown) where the AD signal 1s
phase-advanced and the DE signal 1s phase-delayed relative
to the targeted load voltage. The phase relationship of the
load voltage to load current 1s determined by the character-
istics of the load. Multivibrators (not shown) convert the
Q1Q2S, Q30Q4S, Q30Q6S and Q7Q8S signals mto square
wave pulses with 50% duty ratio that can be transformer-
coupled to the corresponding thyristor switching devices.
Alternately, the signals Q1Q2S, Q30Q4S, Q30Q6S and
Q78S can be fed to the switching devices via any suitable
gate-drive circuitry. Moreover, graphs of Q1(Q2S and
Q30Q4S output signals reflect that corresponding vertical
state transitions relate to positive load current I,__ 4, as
indicated by the I and I, graphs. Similarly, Q3Q6S and
Q7Q8S output signals reflect that corresponding vertical
state transitions relate to negative load current I, ,, as
indicated by the I and I, graphs.

10078] In FIG. 14, a graph 1400 illustrates the load current

I,..4 1n the output bridge of the cycloconverter (triangular
trace) and for source voltage V (square trace) in the vicinity
of a load current zero cross. Positive load current I,
commutates between positive converter 400a and negative
converter 40056, as discussed in regard to FIGS. 6a-6d and
negative load current commutates between positive con-
verter 400a and negative converter 4000, as discussed in
regard to FIGS. 7a-7b At the moment of the load current
zero cross, the minor discontinuity shown 1s a result of the
mimmum current (holding current) characteristic inherent in
the thyristor technology.

[0079] Now referring to FIG. 15, a schematic diagram of
a three-phase cycloconverter 1500 1s shown. Cycloconverter
1500 includes a source 1502 that provides an oscillating
source voltage Vq to a three-phase load 1504 and to twelve
unidirectional conducting switches Q1p-Q6p 1506-1516,
and Q12-Q6n 1518-1528. Thus, a three-phase output bridge
cycloconverter 1500 includes twelve unidirectional switches
Q1p-Q6p 1506-1516, and Q17-Q6r 1518-1528 arranged 1n
s1X pairs of separately controlled anti-parallel switches.

[0080] As such, three single-phase load currents I,__,,
Imﬂ2 and I, ,; are commuted via a corresponding combina-

tion of four pairs of switches, say for example Qlp-Qdp
1506-1512 and Q17-Q4n 1518-1524 for I, ,,. Thus,

switches Q1p-Q4p 1506-1512 and Q17-Q4» 1518-1524 are
gated on (commanded to turn on) in pairs to establish and
maintain a continuous current path for I,__,,. Switches of the
bidirectional bridge cycloconverter 1500 are conventionally
separated 1nto two converter groups based on a polarty of
the source voltage V.. As such, a positive converter com-
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prises switch pairs (Qlp, Qd4p) 1506, 1512 and (Q3p, Q2p)
1510, 1508, and a negative converter comprises switch pairs
(Qlr, Q4r) 1518, 1524 and (Q3r, Q2r) 1520, 1522. The
commutation of load current I, ., L., and I__ ., 1S
aflected, as discussed above, in regard to load current I,__,
for single phase cycloconverter 300. This discussion of the
commutation of load current I,__ ., I,..q» and I, .3 may
reflect an example of balanced load configuration, such as a
wye (Y) or, delta (A) configuration. However, the proposed
technique for controlling a cycloconverter can be applied to
a variety ol multiphase loads, balanced or unbalanced.

[0081] This proposed technique for controlling a cyclo-
converter prevents commutation failure without usmg addi-
tional components that lower the energy conversion efli-
ciency or switching dead-time that introduces zero-cross
distortion. By 1dentifying the proper sequence of switching
in the output bridge, load current 1s allowed to change
polarity (zero-cross) naturally as determined by the load
characteristics. As stated above, although the proposed tech-
nique 1s presented within the context of the PWM cyclo-
converter with SCRs as the switching elements, 1t can be
applied to any cycloconverter using any suitable unidirec-
tional switch technology and any suitable modulation
scheme.

[0082] Alternately, this proposed commutation technique
can be utilized 1n a hard-switched topology. The cyclocon-
verter 1s soft-switched 1n that the load current turns oif in
SCRs when the circuitry allows 1t. Hard-switched topolo-
gies, such as the matrix converter, typically extinguish load
current 1in each switch on command. In matrix converters,
the SCRs are replaced by a fully-controlled device such as
a metal-oxide semiconductor field-eflect transistor (MOS-
FET) or an msulated gate bipolar transistor (IGBT). Since
the hard-switched device can not freewheel the load current
like a SCR, the proposed techmique 1s extended to purposely
provide the freewheeling path for the load current.

[0083] It is therefore intended that the foregoing detailed
description be regarded as illustrative rather than limiting,
and that 1t be understood that 1t 1s the following claims,
including all equivalents, that are intended to define the
spirit and scope of this invention.

1-13. (canceled)

14. A method for controlling a commutation of a load
current, the method comprising:

providing an AC-to-AC converter, the converter compris-
ing a plurality of switching elements and connected to
a load;

providing an oscillating voltage to the converter;

determiming when a polarity commutation of the oscillat-
ing voltage occurs;

preventing a gating ol a first set of the plurality of
switching elements that impose the oscillating voltage
across a load to provide a freewheeling path for the load
current,

determining when the load current flowing through the
freewheeling path crosses a non-zero current threshold;
and
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gating on a second set of elements that enables a polarity
commutation (zero-cross) of the load current and sup-
ports the commutated polarity of the oscillating volt-
age.

15. The method of claim 14, wherein the plurality of
switching elements comprises unidirectional switching ele-
ments, the unidirectional switch elements being paired 1n an
anti-parallel configuration at each leg of an output bridge.

16. The method of claim 135, wherein each leg of the
output bridge comprises two separately controlled anti-
parallel switching elements.

17. The method of claim 13, wherein each leg of the
output bridge 1s configured to conduct bidirectional current
and block bidirectional voltage.

18. The method of claim 14, where the switching elements
are thyristors.

19. The method of claim 15, wherein the switching
clements are gated as pairs to maintain a continuous load
current path.

20. The method of claim 17, wherein the bidirectional
output bridge 1s configured to be separated 1n a positive and
negative converter based on the polarity of the oscillating
voltage.

21. The method of claim 14, wherein a minimum value of
the load current occurs during the freewheeling of the load
current for each oscillating voltage commutation.

22. The method of claim 14, further comprising a unique
set of switching elements gated on for each commutation of
the oscillating voltage polanty.

23. The method of claim 14, wherein a switching from
one set of switching elements to another set of switching
clements occurs only once per oscillating voltage commu-
tation.

24. The method of claim 14, wherein the threshold current
corresponds to preventing an oscillating voltage commuta-
tion prior to the load current zero-cross.

25. The method of claim 14, wherein the threshold current
1s less than a ripple component of the load current, and
greater than a holding current of the switching elements.

26. The method of claim 14, wherein the converter 1s a
pulse-width modulated (PWM) cycloconverter.
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27. The method of claim 14, wherein the load current has
a positive current threshold for a non-negative load current,
and the load current has a negative current threshold for a
non-positive load current.

28-33. (canceled)

34. A method for commutating a multiphase load current,
the method comprising:

providing an AC-to-AC converter, the converter compris-
ing a multitude of pairs of anti-parallel unidirectional
switching elements configured to provide a bidirec-
tional output bridge for each phase of the load current;

providing an oscillating voltage to the converter; and

for each phase of the load current:

determining when a polarity commutation of the oscil-
lating voltage occurs across the corresponding out-
put bridge;

preventing a gating of a corresponding first set of the
multitude of elements that impose the oscillating
voltage across the corresponding phase load to pro-
vide a freewheeling current path for the load current;

determining when the load current flowing through the
freewheeling current path crosses a non-zero current

threshold; and

gating on a corresponding second set of switching
clements that enables a polarity commutation (zero-
cross) of the load current and supports the commu-
tated polarity of the oscillating voltage.

35. The method of claim 34, wherein each of the multi-
tude of pairs of anti-parallel unmidirectional switching ele-
ments comprises separately controlled switching elements.

36. The method of claim 34, wherein each leg of each
phase output bridge 1s configured to conduct bidirectional
current and block bidirectional voltage.

37. The method of claim 34, wherein the multiphase load
current 1s a three phase load current.

38-39. (canceled)
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