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FiG. 54 FIG. 5B

Waveform Controls for Power Modulation
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Thrae Phase impeadance Waveforms
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CIRCUITS AND TECHNIQUES FOR
INTERFACING WITH AN ELECTRICAL
GRID

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 61/651,820 filed on May 25, 2012, which is
hereby incorporated by reference in its entirety.

GOVERNMENT RIGHTS

This invention was made with government support under
Grant No. EEC0540879 awarded by the National Science
Foundation. The government has certain rights in this inven-
tion.

FIELD

The concepts described herein relate to power conversion
techniques and circuits and, more particularly, to power con-
version techniques and circuits that are suited for use with
photovoltaic systems and multiphase systems, into which the
grid can be included.

BACKGROUND

As is known in the art, a photovoltaic (PV) system is a
system that uses one or more solar cells (also sometimes
simply referred to as “cells™) to convert light into electricity.
Due to the relatively low voltage of an individual solar cell
(typically on the order of 0.5 volts (V)), several solar cells are
often combined into PV panels (also sometimes referred to as
PV modules) which are in turn connected together into an
array.

The electricity generated can be either stored, used directly
(so-called Island/stand-alone plant), fed into a large electric-
ity grid powered by central generation plants (so-called grid-
connected/grid-tied plant), or combined with one or many
domestic electricity generators to feed into a small grid (a
so-called “hybrid plant™).

As is also known, a PV system which is connected to an
independent grid (e.g., the public electricity grid) and which
is capable of feeding power into the grid is often referred to as
a grid-connected system. This is a form of decentralized
electricity generation. in the case of a building mounted grid
connected PV system (e.g., a residential or office building),
the electricity demand of the building is met by the PV system
and any excess electricity is fed into the grid. The feeding of
electricity into the grid requires the transformation of direct
current (DC) into alternating current (AC). This function is
performed by an inverter.

Onthe AC side, a grid-connected inverter supplies electric-
ity in sinusoidal form, synchronized to the grid frequency,
with an output voltage corresponding to that of the grid volt-
age.

On the DC side, the power output of a module varies as a
function of the voltage in a way that power generation can be
optimized by varying the system voltage to find a so-called
maximum power point. Most inverters therefore incorporate
maximum power point tracking.

The AC output is typically coupled across an electricity
meter into the public grid. The electricity meter preferably
runs in both directions since at some points in time, the
system may draw electricity from the grid and at other points
in time, the system may supply electricity to the grid.
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As is also known, grid tied inverters for photovoltaic (PV)
systems have also evolved since their inception. Grid tied
inverters for PV systems traditionally managed large series-
parallel connected arrays and then evolved to also handle
lower power strings of panels, and have further evolved to
operate with a single PV module. As such, varying inverter
designs now cover a power range of four orders of magnitude.

Connecting electronic devices to an AC distribution system
is a well understood task, and significant work has been
completed in both sourcing power from, and delivering power
to the grid. Much of this work is focused on three-phase
interconnection of varying line voltages, with power levels
ranging from 10-500 kW, often for applications in motor
drives, electric vehicle drive-trains, wind turbines, and unin-
terruptible power supply (UPS) systems. At these power lev-
els, with a three phase distribution system, efficiencies up to
98% are achievable. This is in contrast to electrical systems
found in commercial and residential environments, which
often operate on single or split-phase systems at a signifi-
cantly lower power level.

SUMMARY

In accordance with one aspect of the concepts, systems,
circuits, and techniques described herein, a power conversion
circuit is provided having an input port to receive a direct
current (DC) input signal and multiple output ports which
comprise a multi-phase alternating current (AC) output sig-
nal. More specifically, the power conversion circuit com-
prises: an inverter circuit to convert the DC input signal to an
AC output current at an inverter output port, the inverter
circuit including a number of controllable switches; a trans-
former stage having a primary port and multiple secondary
ports, the primary port coupled to receive the AC output
current of the inverter circuit, wherein the transformer stage is
configured to provide at least one of electrical isolation and
voltage transformation between the DC input and AC output
ports; and a cycloconverter stage having multiple cyclocon-
verter circuits, each of the multiple cycloconverter circuits to
support a corresponding phase of the multi-phase AC output
signal of the power conversion circuit and including a number
of controllable switches, wherein each of the multiple cyclo-
converter circuits includes an input port coupled to receive an
input signal from a corresponding port of the transformer
stage and an output port to provide an output signal of the
power conversion circuit for the corresponding phase,
wherein each of the multiple cycloconverter circuits are con-
trolled to provide a phase-shift between a resonant AC current
and a voltage switching function based, at least in part, on a
sign of an applied voltage at a corresponding cycloconverter
output port.

In one embodiment, the relative phases of switching timing
patterns of the inverter circuit and the multiple cycloconverter
circuits are selected such that a desired power transfer is
achieved between the input port of the power conversion
circuit and the cycloconverter output ports.

In one embodiment, one or more of the input ports of the
multiple cycloconverter circuits are galvanically isolated
from the inverter circuit.

In one embodiment, each of the input ports of the multiple
cycloconverter circuits are galvanically isolated from the
input ports of the other cycloconverter circuits.

In one embodiment, the multiple cycloconverter circuits
are each comprised of first and second half-bridge circuits.

In one embodiment, the first and second half-bridge cir-
cuits include first and second unidirectional voltage blocking
half-bridge circuits coupled in a back-to-back configuration.
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In one embodiment, each of the multiple cycloconverter
circuits includes a first half-bridge circuit having first, sec-
ond, and third terminals and a second half-bridge circuit
having first, second, and third terminals, wherein the first
terminal of each of the first and second half-bridge circuits
corresponds to the input of the cycloconverter circuit, the
second terminal of each of the first and second half-bridge
circuits corresponds to the output of the cycloconverter cir-
cuit, and the third terminals of the first and second half-bridge
circuits are coupled to one another.

In one embodiment, the first and second half-bridge cir-
cuits each include a bypass capacitor coupled between the
second and third terminals thereof.

In one embodiment, the power conversion circuit further
comprises a controller to control switching of switches within
the inverter circuit and the multiple cycloconverter circuits,
the controller being configured to: for a first polarity of a
voltage signal provided at the output of a first cycloconverter
circuit, bias first and second switches of the first half-bridge
circuit of the first cycloconverter circuit into their conduction
states and modulate the first and second switches of the sec-
ond half-bridge of the first cycloconverter circuit.

In one embodiment, the controller is configured to: for a
second, different polarity of the voltage signal provided at the
output of the first cycloconverter circuit, bias the first and
second switches of the second half-bridge circuit of the first
cycloconverter circuit into their conduction states and modu-
late the first and second switches of the first half-bridge circuit
of the first cycloconverter circuit.

In one embodiment, the power conversion circuit further
comprises a resonant circuit operatively coupled between the
inverter circuit and the cycloconverter stage to resonate an AC
output current of the inverter before it reaches the cyclocon-
verter stage.

In accordance with another aspect of the concepts, sys-
tems, circuits, and techniques described herein, a power con-
version circuit is provided having input terminals to receive a
direct current (DC) voltage signal and output terminals to
output a multi-phase alternating current (AC) voltage signal.
More specifically, the power conversion circuit comprises: an
inverter circuit having input terminals and output terminals,
the input terminals corresponding to the input terminals of the
power conversion circuit, wherein the inverter circuit is con-
figured to convert a DC voltage signal received at the input
terminals to a high-frequency AC signal at the output termi-
nals; a transformer stage having an input port coupled to the
output port of the inverter circuit and having at least two
output ports, wherein the transformer stage is configured to
provide voltage transformation for the high-frequency AC
signal at the output of the inverter circuit; and a cyclocon-
verter stage having multiple cycloconverter circuits, each of
the multiple cycloconverter circuits having an input port to
receive a signal from a corresponding output port of the
transformer stage and an output port to deliver an output
signal having a corresponding phase of the multi-phase AC
voltage signal, the multiple cycloconverter circuits each
being configured to receive a high-frequency AC signal from
the transformer stage and to frequency convert the high-
frequency AC signal to generate the corresponding output
signal, each cycloconverter circuit comprising: a first half-
bridge circuit having first, second, and third terminals: and a
second half-bridge circuit having first, second, and third ter-
minals; wherein the first terminal of each of the first and
second half-bridge circuits corresponds to one of the input
terminals of the cycloconverter circuit, the second terminal of
each of the first and second half-bridge circuits corresponds
to one of the output terminals of the cycloconverter circuit,
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and the third terminal of each of the first and second half-
bridge circuits is coupled to the third terminal of the other of
the first and second half-bridge circuits.

In one embodiment, the first half-bridge circuit of each
cycloconverter circuit comprises first and second switches
each having first, second, and third terminals and a bypass
capacitor and the second half-bridge circuit of the cyclocon-
verter circuit comprises first and second switches each having
first, second, and third terminals and a bypass capacitor.

In one embodiment, the power conversion circuit further
comprises a controller to control switching of switches within
the inverter circuit and the multiple cycloconverter circuits,
the controller being configured to: for a first polarity of a
voltage signal provided at the output of a first cycloconverter
circuit, bias first and second switches of the first half-bridge
circuit of the first cycloconverter circuit into their conduction
states and modulate the first and second switches of the sec-
ond half-bridge of the first cycloconverter circuit.

In one embodiment, the controller is configured to: for a
second, different polarity of the voltage signal provided at the
output of the first cycloconverter circuit, bias the first and
second switches of the second half-bridge circuit of the first
cycloconverter circuit into their conduction states and modu-
late the first and second switches of the first half-bridge circuit
of the first cycloconverter circuit.

In one embodiment, the power conversion circuit further
comprises a controller to control switching of switches within
the inverter circuit and the multiple cycloconverter circuits,
the controller being configured to: for at least some operating
conditions, modulate the first switch of the first half-bridge
circuit and the second switch of the second half-bridge circuit
on and off substantially simultaneously, and modulate the
second switch of the first half-bridge circuit and the first
switch of the second half bridge circuit on and off substan-
tially simultaneously.

In one embodiment, the power conversion circuit further
comprises a controller to control switching of switches within
the inverter circuit and the multiple cycloconverter circuits,
the controller being configured to: for at least some operating
conditions, modulate the first switch of the first half-bridge
circuit and the first switch of the second half-bridge circuit on
and off substantially simultaneously, and modulate the sec-
ond switch of the first half-bridge circuit and the second
switch of the second half-bridge circuit on and off substan-
tially simultaneously.

In accordance with a further aspect of the concepts, sys-
tems, circuits, and techniques described herein, a system
comprises: two or more cycloconverter circuits each having
an input and an output, with each cycloconverter circuit com-
prising; a first half-bridge circuit having first, second, and
third terminals, the first half-bridge circuit comprising first
and second switches each having first, second and third ter-
minals and a bypass capacitor; and a second half-bridge cir-
cuit having first, second, and third terminals, the second half-
bridge circuit comprising first and second switches each
having first, second, and third terminals and a bypass capaci-
tor; wherein the first terminal of each of the first and second
half-bridge circuits corresponds to the input of the cyclocon-
verter circuit, the second terminal of each of the first and
second half-bridge circuits corresponds to the output of the
cycloconverter circuit, and the third terminal of the first half-
bridge circuit is coupled to the third terminal of the second
half-bridge circuit; and wherein each of the two or more
cycloconverter circuits generates a corresponding phase of a
multi-phase output signal.

In one embodiment, the system further comprises a con-
troller to control switching of switches within the two or more
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cycloconverter circuits, the controller being configured to, for
a first polarity of a voltage signal provided at the output of a
first cycloconverter circuit, bias first and second switches of
the first half-bridge circuit of the first cycloconverter circuit
into their conduction states and modulate the first and second
switches of the second half-bridge of the first cycloconverter
circuit.

In one embodiment, the controller is configured to, for a
second, different polarity of the voltage signal provided at the
output of the first cycloconverter circuit, bias the first and
second switches of the second half-bridge circuit of the first
cycloconverter circuit into their conduction states and modu-
late the first and second switches of the first half-bridge circuit
of the first cycloconverter circuit.

In one embodiment, the system further comprises a con-
troller to control switching of switches within the inverter
circuit and the multiple cycloconverter circuits, the controller
being configured to, for at least some operating conditions,
modulate the first switch of the first half-bridge circuit and the
second switch of the second half-bridge circuit on and off
substantially simultaneously, and modulate the second switch
of'the first half-bridge circuit and the first switch of the second
half-bridge circuit on and off substantially simultaneously.

In one embodiment, the system further comprises a con-
troller to control switching of switches within the inverter
circuit and the multiple cycloconverter circuits, the controller
being configured to: for at least some operating conditions,
modulate the first switch of the first half-bridge circuit and the
first switch of the second half-bridge circuit on and off sub-
stantially simultaneously, and modulate the second switch of
the first half-bridge circuit and the second switch of the sec-
ond half-bridge circuit on and off substantially simulta-
neously.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features of the concepts, systems, circuits,
and techniques described herein may be more fully under-
stood from the following description of the drawings in
which:

FIG. 1 is a block diagram illustrating an exemplary photo-
voltaic (PV) panel assembly in accordance with an embodi-
ment;

FIG. 2 is a schematic diagram illustrating an exemplary
multi-phase converter circuit in accordance with an embodi-
ment;

FIG. 3 is a block diagram of a three-phase output, series-
connected converter using canonical switch models;

FIG. 4 is a diagram of three-phase voltage waveforms,
where each sinusoid is separated by 27/3 radians;

FIG. 5A is a schematic diagram of a standard switching
module implemented with a canonical single-pole-dual-
throw switch;

FIG. 5B is a schematic diagram of a standard switching
module implemented with two complimentary single-pole-
single-throw switches;

FIG. 6 is a plot of waveform controls for power modulation
which shows that the relationship between the series path
current and switching function determines the transfer of
energy through the converter;

FIG. 7 is a schematic diagram which illustrates the input
impedance notation of the canonical switching module
shown in FIGS. 5A and 5B;

FIG. 8 is a plot of real and reactive impedance waveforms
for a three-phase series-connected inverter;

FIG. 9 is a schematic diagram of a circuit used to simulate
a three-phase load impedance;
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FIG. 10 is a plot illustrating voltage and impedance wave-
forms resulting from the circuit simulation of FIG. 9 for a
single phase; and

FIG. 10A is a plot illustrating voltage and impedance
waveforms resulting from the circuit simulation of FIG. 9 for
all three phases.

DETAILED DESCRIPTION

Techniques and systems are provided for coupling a PV
system, or other DC generating electrical system, to an inde-
pendent, three-phase grid so that excess generated power can
be delivered to the grid when available. Novel converter sys-
tems and techniques are described herein for providing such
a connection. In some converter systems that utilize an
inverter circuit, an energy buffer may be used to allow the
inverter circuit to operate at or near constant power by con-
trollably absorbing and releasing energy. For example, U.S.
Patent Publication US 2011/0181128 (which is commonly
owned with the present application and is incorporated by
reference herein in its entirety) describes a converter system
that uses a series-buffer-block topology that Includes an
energy buffer to controllably absorb and release power to
maintain a constant power flow between a DC input port and
an AC output port. In various embodiments described herein,
converters are provided that do not require the use of an
energy storage buffer. This is because the three phase nature
of the circuits provides constant power transfer without the
additional circuitry. Even though the energy storage buffer
can be eliminated, a series-buffer-block topology may still be
used in different embodiments. The series-buffer-block
topology described in the aforementioned patent application
can be extended by the use of additional series connected
blocks, with the limitation being the synthesis of the resonant
current through the circuit.

FIG. 1 is a block diagram illustrating an exemplary photo-
voltaic (PV) panel assembly 10 in accordance with an
embodiment. As illustrated, PV panel assembly 10 may
include one or more PV panels 12 coupled to a power con-
version circuit (or converter circuit) 14. PV panel 12 provides
a DC output voltage V. to an input port of converter circuit
14. Converter circuit 14 then converts the DC voltage V ;. toa
multi-phase AC output signal (V ,.;, V.2, V,e3)- The multi-
phase AC output signal may then be provided to amulti-phase
(e.g., three-phase) power grid or other multi-phase circuit. In
some implementations, a power meter (which may be uni-
directional or bi-directional) may be placed between con-
verter circuit 14 and the power grid to keep track of power
delivered to (and/or received from) the grid. Although illus-
trated with a PV panel 12 as a DC power source, it should be
appreciated that other sources of DC input signals may alter-
natively be used, not excluding time-varying input signals.

As shown in FIG. 1, converter circuit 14 may include: an
inverter circuit 16, a transformer stage 18, and a cyclocon-
verter stage 20. Inverter circuit 16 is configured to convert the
DC voltage signal V ,_ received at an input port thereof to an
AC signal at an inverter output port. Transformer stage 18 is
operative for stepping up or down the voltage of the AC signal
provided by inverter 16 to provide one or more higher or
lower voltage AC signals at an output thereof. Transformer
stage 18 may also provide impedance shaping for converter
14. Transformer stage 18 also provides galvanic Isolation
between the inverter circuit 16 and the remaining portions of
the converter circuit 14.

Cycloconverter stage 20 is configured to receive one or
more AC signals from the corresponding side of transformer
stage 18 and to provide frequency conversion to the signal(s)
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to generate a desired AC output frequency (e.g., a frequency
required by a power grid or other multi-phase circuit, etc.).
Cycloconverter stage 20 may be controlled to modulate a
transfer of high frequency resonant current in response to a
changing voltage on the AC port(s) of converter circuit 14.
Cycloconverter stage 20 is capable of converting an AC wave-
form provided to it from transformer stage 18 to an AC wave-
form of a different frequency (either lower or higher) by
synthesizing the output waveform from segments of the AC
supply without an intermediate DC link. As described previ-
ously, in a three phase implementation, the converter circuit
14 does not require a buffer as the sum of all three phases will
result in a constant (or near constant) power transfer.

FIG. 2 is a schematic diagram illustrating an exemplary
multi-phase converter circuit 40 in accordance with an
embodiment. As shown, converter circuit 40 may include: an
inverter 42, a transformer stage 46, and a cycloconverter stage
58. Inverter 42 may include four low-voltage devices 44a-44d
arranged in a full-bridge configuration. Devices 44a-44d may
include transistors acting as switches in some implementa-
tions. In addition, one or more diodes may be coupled across
an output of each transistor in some implementations. Any
type of transistors may be used for devices 44a-44d. In at least
one embodiment, insulated gate field effect transistors (IG-
FETs) are used, but other types of FETs and other transistor
types may alternatively be used in other implementations.
One example of an IGFET is the metal oxide semiconductor
FET, or MOSFET. Each of the devices 44a-44d may include
an input terminal (e.g., a gate terminal for a FET, etc.) to
which control signals may be applied.

Transformer stage 46 is coupled to an output of inverter 42.
As illustrated, transformer stage 46 may include three indi-
vidual transformers 48a, 4856, 48¢, each having a primary side
70 and a secondary side 72, and a resonant tank circuit 50.
Although tank circuit 50 is shown as part of transformer stage
46, it could also be shown as being part of, for example,
inverter 42. Cycloconverter stage 58 includes three individual
cycloconverter circuits 66a, 665, 66¢ in the illustrated
embodiment, one for each of three output phases. The three
transformers 48a, 48b, 48¢ of transformer stage 46 each feed
a corresponding one of the three cycloconverter circuits 66a,
665, and 66¢. In other implementations, a different number of
output phases may be supported.

Each cycloconverter circuit 66a, 665, 66¢ may include a
plurality of switching devices 56a-56d. As before, these
devices 56a-56d may includes transistors (e.g., IGFETs, etc.)
in some embodiments. In some implementations, the transis-
tors may be high voltage transistors. In addition, one or more
diodes may be coupled across an output of each transistor.
Each of the devices 56a-56d may include an input terminal
(e.g., a gate terminal for a FET, etc.) to which control signals
may be applied. The cycloconverter circuits 66a, 665, 66¢
may also each include associated bypass capacitors 60, 62.
Transformer stage 46 may be configured to provide voltage
transformation between its primary side 70 and its secondary
side 72, as well as appropriate impedance shaping. The input
port of each cycloconverter circuit 66a, 665, 66c may be
coupled to receive a corresponding AC output signal of trans-
former stage 46. Each cycloconverter circuit 66a, 665, 66¢
may provide an AC signal at an output port thereof having a
desired output frequency and phase (e.g., an output frequency
and phase associated with a three-phase power grid). The
output phases of the cycloconverter circuits 66a, 665, 66¢
may differ from one another; 27t/3 radians (120 degrees) in a
three phase implementation. The output ports of the cyclo-
converter circuits 66a, 665, 66¢ may serve as the output port
of converter circuit 40.
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In some implementations, each cycloconverter circuit 66a,
665, 66¢ can be recognized as having two unidirectional
voltage blocking half-bridge circuits placed back-to-back
with a common source reference point. This permits the use of
standard high-voltage IC gate drive circuitry for each half-
bridge, with all devices and associated logic referenced to a
single point. In normal operation, with a given (known) AC
voltage polarity, a cycloconverter circuit can be controlled
such that one half-bridge maintains its devices on while the
other performs the switching modulation. Alternatively, or in
addition, for some operational conditions (such as, for
example, an AC voltage near zero, or uncertain AC voltage
polarity), each cycloconverter 66a, 665, 66¢ can be controlled
such that devices 56a, 564 operate (i.e., are switched) sub-
stantially simultaneously, and devices 565, 56¢ operate (i.e.,
are switched) substantially simultaneously, but complemen-
tary to devices 56a, 56d. It should be appreciated, however,
that this is not the only operational method of the cyclocon-
verter circuits 66a, 665, 66¢. That is, other alternative opera-
tional methods may be used. In addition, one may choose to
vary the operational method that is used as conditions vary
(e.g., depending on the amplitude of the AC voltage, the
amount of current being processed, and/or other factors.)

Control may be realized with a controller 80 coupled to the
input terminals (e.g., gate terminals) of devices 44a-44d of
inverter 42 and devices 56a-56d of each of the cycloconverter
circuits 66a, 665, 66¢. The controller 80 may provide com-
binations of phase-shift and pulse-width modulation and fre-
quency control to inverter 42, phase shift of the cycloconvert-
ers 66a, 665, 66¢ with respect to the full bridge, and pulse-
width modulation of the cycloconverter half-bridges.
Additional control of average power delivery can be obtained
with on-oft or burst mode control at a frequency below the
switching frequency and above the line frequency and/or by
bursting on and off for individual line cycles. It should be
appreciated that in the embodiment of FIG. 2, devices 56a-
564 may be provided as IGFETs, although other types of
FETs or other types of switching elements may alternatively
be used.

In some embodiments, controller 80 may be implemented
using one or more digital processing devices. Any type of
digital processing device may be used, including, for
example, a general purpose microprocessor, a digital signal
processor (DSP), a reduced instruction set computer (RISC),
a field programmable gate array (FPGA), an application spe-
cific integrated circuit (ASIC), a microcontroller, an embed-
ded controller, and/or others, including combinations of the
above. Analog controllers or analog/digital controller circuits
may alternatively be used.

Inthe embodiment of FIG. 2, series resonant tank circuit 50
is placed on the low-voltage side 70 of the transformers 48a,
48b, 48¢. Placing the resonant tank 50 on the low-voltage side
70 of transformers 48a, 485, 48¢ can reduce parasitic ringing
with the parasitic capacitances across the transformer second-
ary windings 68a, 685, 68¢. Alternatively, the resonant tank
50 can be placed on the high-voltage side 72 of transformers
48a, 48bH, 48c. Also, other resonant structures may be
employed in place of, or in addition to, resonant tank 50
including, for example, parallel, series-parallel, LCL, LLC,
LLC, immittance converters, and/or other structures. These
resonant structures can optionally incorporate transformer
parasitic elements such as, for example, transformer leakage
inductance and parasitic capacitance, in some implementa-
tions.

In addition to the above, converter circuit 40 of FIG. 2 may
include capacitors on one or both sides of the transformers
48a, 48b, 48¢. For example, secondary side capacitors 52a,



US 9,401,664 B2

9

52b, 52¢ may be provided as DC blocks for cycloconverter
circuits 66a, 665, 66¢, respectively. The power flow in con-
verter 40, specifically in the cycloconverters 66a, 665, 66¢,
can be controlled using two related switch modulation meth-
ods in combination with the selection of the resonant current
magnitude. Over a line cycle, this allows for four distinct
operational strategies that can be combined to obtain hybrid
schemes which may provide improved performance and/or
efficiency for a given operating condition. Additionally, con-
trol over the switching frequency can be used to widen the
input and output voltage operating ranges for a given set of
load requirements.

In comparison to some existing designs, the topology
shown in FIG. 2 effectively places all major power processing
blocks (e.g., the high-frequency inverter and cycloconverters)
in a series path with respect to the high-frequency resonant
current. As described, this allows power-flow to be modulated
in each stage by simply modifying the switching function
relative to the current, with capacity for providing zero volt-
age switching of devices.

The placement of each stage in series with the drive current
imposes a conduction loss penalty. However, using unipolar
devices such as IGFETs and implementing zero voltage
switching (ZVS) for the primary switches, allows the semi-
conductor area to be scaled up to reduce conduction loss. It
should be noted that this is in contrast to devices, such as
1GBTs, SCRs, and diodes, which operate with a fixed on-state
voltage drop and therefore are not scalable.

Referring now to FIG. 3, a simplified ideal switch model of
a series connected three-phase converter output stage is illus-
trated. It should be noted that the circuit of FIG. 3 ignores the
transformer isolation that would be used in a practical system
(Vg, would be high-frequency isolated, as would V, and
Vzs)- The operation of a balanced three line voltage distribu-
tion system (i.e., balanced three-phase operation) relies on
sinusoidal voltages with equal phase distribution over the 27t
interval giving the terminal voltage constraints expressed in
Equation (1):

V@)=V pisin(o,2+¢) M

forie{1,2, 3}, where ¢, =0, ¢,=27/3, and ¢p,=47/3 for V,, V.,
and V3, respectively.

Referring now to FIG. 4, a plot of normalized voltage over
a 2m cycle for the three voltage sources shown in FIG. 3 is
shown. For the generation of equal real power for each phase
(unity power factor), the terminal current requirements are
proportional to the voltages, with equal phase, as expressed
below in Equation (2).

L=l sin(o,1+¢;) @

These voltage and current relationships yield the expected
sinusoidal power transfer to each source as:

PAO=VAOI()F pr s’ (00, 24,) 3

Referring now to FIGS. 5A and 5B, and with reference to
power modulation, the modulation of power through the
blocks of a converter is accomplished by controlling the
switching function of each block relative to the series reso-
nant current. The basic circuit models for a single block are
presented in FIGS. 5A and 5B. FIG. 5A illustrates a switching
module using a canonical single-pole dual-throw switch.
FIG. 5B illustrates a functionally equivalent switching mod-
ule using two complimentary single-pole-single-throw
switches. The corresponding switching waveforms are shown
in FIG. 6.

The power transfer for a circuit block is defined by voltage
and current magnitudes, as well as two control variables: the
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pulse width 8 and the phase shift 8. Modulation by use of 0 is
called phase-shift modulation, while modulation by use of &
is called pulse-width modulation (PWM). For the analysis
presented here, phase-shift control is used and 9 is assumed to
remain constant.

Equations (4)-(6) below describe the average transfer of
power from the current source over a switching cycle:

17 .
?L v(Di(Ddr

P, = % (sin(g)cos(e))a

4
- @

®

given the parameters 8 and 0, expressed in radians. This
solution supposes that the terminal voltage V, and resonant
current magnitude I, are constant. However, if these values
are permitted to vary over time, but at a rate such that they can
be considered constant over a switching cycle, the average
power transfer over a switching cycle can be written as:

©

P = in{ — Jeos(0(2).

VDL (5(1)
n B 2

The expressions for power transfer for a single source in
Equation (3), and the power transfer for the switching model
in Equation (6), can be equated to obtain an expression for the
control variable 0, such that:

4 _ ;
Vesin(wt + 050 = Yausinit + ¢l A1) Sm(‘”’; ) sin(?)cos(@;([)) @
L) = 1’7(:) sin(?)cos(@;([)) ®

#l(1) ©)

xeos | ———2 | =6,(n.
[lr(t)sin(?)]

where the sign of the angle determines if the switching volt-
age leads or lags the current, ultimately resulting in either a
hard-switching or soft-switching condition. The selection of
the sign is also determined by the sign of the terminal voltage
V,(1). For zero-voltage switching the desired condition is:

sgn(®,(1)=sgn(-V;(1)). (10)

Thus, the proper solution for 0,(t) is:

#li(0) ) an

610 = sga(-Vitoeos™ s

The waveforms of FIG. 6 can also be expressed and ana-
lyzed in terms of the phasors:

I, =1 (12)

a3

V,= V,;rsin(g)ejg

with the implicit &“# omitted. With the phasors defined, an
equivalent impedance for each block can be generated, as
indicated in FIG. 7. The impedance driven by the current
source may be expressed as:
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v, (14)
Z,= -~
V.2 , (1s)
Z, = T ;sm(z)e’

which indicates that the impedance is a variable magnitude
complex load, based on the selection of control variables &
and 0. Additionally, the variables in (15) can be extended
using time varying phasors to give the time varying imped-
ance:

V(1) 2
L=

(16)

2,0 = 202 i 20

When written in terms of an unknown line interface source
V,(1), and the solution for 0,(t), the result may be expressed as:

1G]
2

Z(n)= ——sin an

Vi 2 (
L)«

Jlcos@:(0) + jsin@, ()]

Z@ = (18
;1)

sm( g )1 1)

nl;(7)

(o) }

| (l‘) 2 o(1)
Lox m( 2

— jsgn(Vin) |1- [

residing in an expression for the input impedance for a single
block i. For the circuit in FIG. 3, the sum of the three sources
is the total effective impedance seen by the resonant current
source.

To find the sum of the three impedances over a line cycle,
the expression must be broken up into multiple domains to
account for the non-algebraic nature of the sign( ) function in
each expression. The sub-domains are delineated by the volt-
age zero-crossing of the voltage sources. Additionally, the
three-phase waveform sum is periodic over [0, 7t/3], so redun-
dant sections can be avoided, leaving this single domain with
even symmetry.

The equivalent impedance of the three series-connected
blocks may be expressed as:

2ip= Y0200 o f, 7r11 ® (19
T 5 4
sm( ) D) sm 1 (t)
V2(0) zsin( 5(1)) 7h(1) v 7T12(f)
Lo = 2 sm(é) 1.(1) sm 1 (t)
Va(0) 2 . (SN wh(D) ly 7l3 (1)
0 ;Sm( 2 ) B
r sm( )1 63)] sm( )1 1)

which can be simplified by using only phase-shift modulation
(&=m), and assuming a constant magnitude for the resonant
current envelope, [ (t)=rl ;. This simplification gives:

Vv,

Z() = M 2 [sm(w,t) v 1 =sin?(w) ]+

ﬂlpk
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Vok sm(wlt?] af > . S, o
W; sm(w,t+ ?]+] 1 — sin’ (w,t+ ?] +

. 4
Vpk51n(w,t+ ?] | . . ] 4n
- = sm(w,t+—)—] 1—sm2(w,t+—] .
n 3 3
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If this expression is then separated into real and imaginary
parts, further simplification can occur. The real and imaginary
components are orthogonal and can be treated independently.
The real part may be expressed as:

Re{Z(n)} = I_k 32 [sinz(w,t) + sinz(w,t + 2?,—”] + sinz(w,t + t—ﬂ]] @b

Re{Z(1) = ﬂ% 22)

where the summation terms were reduced through traditional
three-phase trigonometric identities. This result is notable
due to the lack of time variance, although this is a byproduct
of'the constant power aspect of balanced three-phase systems.

Investigating the imaginary part of the impedance in (21),

the substitutions cos x==+Y 1-sin’x and sin(2x)=2 sin(x) cos
(x) are used, with restriction to the domain (0, t/6) for sim-
plicity, to obtain:

Im{Z(1)} = (23)

Vo 2
)

L in(2 l‘)+1(2 t+22ﬂ) L ‘n(z t+24ﬂ]]
1pk e 2SlIl (g 3 (g 3 281 (g 3 N

This can be further reduced (with the same limited domain)
to:

Im{Z(1)} = - ‘I/—p: %sm(z[w,t + g]), 24
p

which is periodic with even symmetry. The calculated real
and reactive impedances of Equations (22) and (24) are plot-
ted in FIG. 8. It is noted that these derivations can be repeated
for non unity power factor operation.

The circuit simulation schematic in FIG. 9 is constructed to
implement the phase-shift modulation solution in Equation
(11) for the three phase converter. Subcircuit X1 is a control-
ler which provides the switching control signals for each
block. In some implementations, subcircuit X1 may be imple-
mented as a soft digital controller including associated pro-
gramming code, although other controller types may be used.
In one embodiment, subcircuit X1 may be described by the
following code in the C programming language:

vlogic=5;

vpl=sin(wline*t-0);

vp2=sin(wline*t-120);

vp3=sin(wline*t-240);

vtl=(vp1>0)?acos(vpl): —acos(vpl);

vi2=(vp2>0)?acos(vp2): —acos(vp2);

vt3=(vp3>0)?acos(vp3): —acos(vp3);

vgl=(sin(wsw*t-vt1))>0)?vlogic: 0;
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vg2=(sin(wsw*t-vt2))>0)?vlogic: 0;
vg3=(sin(wsw*t-vt3))>0)?vlogic: 0;

FIGS. 10 and 10A are waveform diagrams illustrating the
waveforms generated from the circuit simulation of FIG. 9,
with the individual traces of the voltages and impedances
labeled. FIG. 10 shows the waveforms for a single phase
when the other two phases are disabled, as a comparison to
FIG. 10A which shows the waveforms for operation with all
three phases. A comparison of the simulation waveforms in
FIG. 10A with those of the calculated results in FIG. 8 indi-
cates that they match very closely, validating the derivation.
The sinusoidal power transfer constraint in Equation (3) is
verified by inspecting a single phase of the three phases in the
circuit, as shown in FIGS. 10 and 10A.

Having described preferred embodiments of the concepts,
systems, circuits and techniques described herein, it will now
become apparent to those of ordinary skill in the art that other
embodiments incorporating these concepts may be used. For
example, it should now be appreciated that one can apply the
topologies described herein to rectifier systems (e.g., for grid-
connected power supplies) as well and for bidirectional
power flow converter systems. Accordingly, it is submitted
that that the concepts, systems, circuits and techniques
described herein, should not be limited to the described
embodiments but rather should be limited only by the spirit
and scope of the appended claims.

What is claimed is:

1. A power conversion circuit having an input port to
receive a direct current (DC) input signal and multiple output
ports to provide a multi-phase alternating current (AC) output
signal, the power conversion circuit comprising:

an inverter circuit to convert the DC input signal to an AC

current signal at an inverter circuit output port, the
inverter circuit including a number of controllable
switches;

a transformer stage having an input port and multiple out-

put ports, the transformer stage coupled to receive the
AC current signal at the transformer stage input port and
configured to provide at least one of electrical isolation
and voltage transformation between the inverter circuit
output port and the multiple output ports of the power
conversion circuit; and

a cycloconverter stage having multiple cycloconverter cir-

cuits, with each of the multiple cycloconverter circuits
supporting a corresponding phase of the multi-phase AC
output signal of the power conversion circuit and includ-
ing a number of controllable switches, wherein each of
the multiple cycloconverter circuits includes an input
port coupled to receive an input signal from a corre-
sponding output port of the transformer stage and an
output port to provide an AC output signal of the power
conversion circuit for the corresponding phase, and each
of the multiple cycloconverter circuits are controlled, at
least in part, by select ones of the controllable switches
in the cycloconverter circuits to provide a phase-shift
between a resonant AC current and a switching voltage
of the cycloconverter circuits at which outputs of the
cycloconverter circuits provide the AC output signal of
the power conversion circuit for the corresponding
phase, wherein the phase-shift is based, at least in part,
on polarity of an applied voltage at a corresponding
cycloconverter stage output port,
wherein the controllable switches of said cycloconverter
stage are controlled relative to a switching function of
said cycloconverter stage which determines power
flow through said cycloconverter stage, and the power
flow through said cycloconverter stage is modulated
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by modifying the switching function of said cyclo-
converter stage relative to the resonant AC current.

2. The power conversion circuit of claim 1, wherein:

one or more of the input ports of the multiple cyclocon-
verter circuits are galvanically isolated from the inverter
circuit.

3. The power conversion circuit of claim 2, wherein:

each of the input ports of the multiple cycloconverter cir-
cuits are galvanically isolated from the input ports of the
other cycloconverter circuits.

4. The power conversion circuit of claim 1, wherein:

the multiple cycloconverter circuits are each comprised of
first and second half-bridge circuits, wherein the first
and second half-bridge circuits include first and second
unidirectional voltage blocking half-bridge circuits
coupled in a back-to-back configuration.

5. The power conversion circuit of claim 1, wherein:

each of the multiple cycloconverter circuits includes a first
half-bridge circuit having first, second, and third termi-
nals and a second half-bridge circuit having first, sec-
ond, and third terminals, wherein the first terminal of
each of the first and second half-bridge circuits corre-
sponds to the input port of the cycloconverter circuit, the
second terminal of each of the first and second half-
bridge circuits corresponds to the output port of the
cycloconverter circuit, and the third terminals of the first
and second half-bridge circuits are coupled to one
another.

6. The power conversion circuit of claim 4, further com-

prising:

a controller to control switching of the controllable
switches within the inverter circuit and the controllable
switches in each of the multiple cycloconverter circuits,
the controller being configured to: for a first polarity of
a voltage signal provided at the output port of a first
cycloconverter circuit, bias first and second switches of
the first half-bridge circuit of the first cycloconverter
circuit into their conduction states and modulate the first
and second switches of the second half-bridge of the first
cycloconverter circuit.

7. The power conversion circuit of claim 6, wherein:

the controller is configured to: for a second, different polar-
ity of the voltage signal provided at the output port ofthe
first cycloconverter circuit, bias the first and second
switches of the second half-bridge circuit of the first
cycloconverter circuit into their conduction states and
modulate the first and second switches of the first half-
bridge circuit of the first cycloconverter circuit.

8. A power conversion circuit having input terminals to
receive a direct current (DC) voltage signal and output termi-
nals to provide a multi-phase alternating current (AC) voltage
signal, the power conversion circuit comprising: an inverter
circuit having input terminals and output terminals, the input
terminals corresponding to the input terminals of the power
conversion circuit, wherein the inverter circuit is configured
to convert a DC voltage signal received at the input terminals
to a high-frequency AC signal at the output terminals; a trans-
former stage having an input port coupled to the output port of
the inverter circuit and having at least two output ports,
wherein the transformer stage is configured to provide volt-
age transformation for the high-frequency AC signal received
at the output of the inverter circuit; and a cycloconverter stage
having multiple cycloconverter circuits, with each of the mul-
tiple cycloconverter circuits having an input port to receive a
signal from a corresponding output port of the transformer
stage and an output port to deliver an output signal having a
corresponding phase of the multi-phase AC voltage signal,
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the multiple cycloconverter circuits each being configured to
receive the signal from the corresponding output of the trans-
former stage and to frequency convert the signal to generate
the corresponding output signal, each cycloconverter circuit
comprising: a first half-bridge circuit having first, second, and
third terminals; and a second half-bridge circuit having first,
second, and third terminals; wherein the first terminal of each
of'the first and second half-bridge circuits corresponds to one
of'the input terminals of the cycloconverter circuit, the second
terminal of each of the first and second half-bridge circuits
corresponds to one of the output terminals of the cyclocon-
verter circuit, and the third terminal of each of the first and
second half-bridge circuits is coupled to the third terminal of
the other of the first and second half-bridge circuits, and
wherein each of the multiple cycloconverter circuits are con-
trolled, at least in part, by select ones of the first and second
half-bridge circuits in the cycloconverter circuits to provide a
phase-shift between a resonant AC current and a switching
voltage of the cycloconverter circuits at which outputs of the
cycloconverter circuits provide the AC output signal of the
power conversion circuit for the corresponding phase,
wherein the phase-shift is based, at least in part, on polarity of
an applied voltage at a corresponding cycloconverter stage
output port, and wherein each of the first and second half-
bridge circuits are controlled relative to a switching function
of said cycloconverter stage which determines power flow
through said cycloconverter stage, and the power flow
through said cycloconverter stage is modulated by moditying
the switching function of said cycloconverter stage relative to
the resonant AC current.

9. The power conversion circuit of claim 8, wherein:

the first half-bridge circuit of each cycloconverter circuit
comprises first and second switches each having first,
second, and third terminals and a bypass capacitor and
the second half-bridge circuit of the cycloconverter cir-
cuit comprises first and second switches each having
first, second, and third terminals and a bypass capacitor.

10. The power conversion circuit of claim 9, further com-

prising:

a controller to control switching of switches within the
inverter circuit and the multiple cycloconverter circuits,
the controller being configured to: for a first polarity of
a voltage signal provided at the output port of a first
cycloconverter circuit, bias first and second switches of
the first half-bridge circuit of the first cycloconverter
circuit into their conduction states and modulate the first
and second switches of the second half-bridge of the first
cycloconverter circuit.

11. The power conversion circuit of claim 10, wherein:

the controller is configured to: for a second, different polar-
ity of the voltage signal provided at the output port of the
first cycloconverter circuit, bias the first and second
switches of the second half-bridge circuit of the first
cycloconverter circuit into their conduction states and
modulate the first and second switches of the first half-
bridge circuit of the first cycloconverter circuit.

12. The power conversion circuit of claim 9, further com-

prising:

a controller to control switching of switches within the
inverter circuit and the multiple cycloconverter circuits,
the controller being configured to: for at least some
operating conditions, modulate the first switch of the
first half-bridge circuit and the second switch of the
second half-bridge circuit on and off substantially
simultaneously, and modulate the second switch of the
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first half-bridge circuit and the first switch of the second
half-bridge circuit on and off substantially simulta-
neously.

13. The power conversion circuit of claim 9, further com-
prising:

a controller to control switching of switches within the
inverter circuit and the multiple cycloconverter circuits,
the controller being configured to: for at least some
operating conditions, modulate the first switch of the
first half-bridge circuit and the first switch of the second
half-bridge circuit on and off substantially simulta-
neously, and modulate the second switch of the first
half-bridge circuit and the second switch of the second
half-bridge circuit on and off substantially simulta-
neously.

14. In a system, a power conversion circuit having an input
port to receive a direct current (DC) input signal and multiple
output ports to provide a multi-phase alternating current (AC)
output signal, the power conversion circuit comprising: two
or more cycloconverter circuits each having an input and an
output, with each cycloconverter circuit comprising: a first
half-bridge circuit having first, second, and third terminals,
the first half-bridge circuit comprising first and second
switches each having first, second and third terminals and a
bypass capacitor; and a second half-bridge circuit having
first, second, and third terminals, the second half-bridge cir-
cuit comprising first and second switches each having first,
second, and third terminals and a bypass capacitor; wherein
the first terminal of each of the first and second half-bridge
circuits corresponds to the input of the cycloconverter circuit,
the second terminal of each of the first and second half-bridge
circuits corresponds to the output of the cycloconverter cir-
cuit, and the third terminal of the first half-bridge circuit is
coupled to the third terminal of the second half-bridge circuit;
and wherein each of the cycloconverter circuits generates an
AC output signal having a corresponding phase of the multi-
phase AC output signal of the power conversion circuit, and
wherein each of the cycloconverter circuits are provided as
part of a cycloconverter stage and are controlled, at least in
part, by select ones of the first and second half-bridge circuits
in the cycloconverter circuits to provide a phase-shift between
a resonant AC current and a switching voltage of the cyclo-
converter circuits at which outputs of the cycloconverter cir-
cuits provide the AC output signal of the power conversion
circuit for the corresponding phase, wherein the phase-shiftis
based, at least in part, on polarity of an applied voltage at a
corresponding cycloconverter stage output port, and wherein
each of the first and second half-bridge circuits are controlled
relative to a switching function of said cycloconverter stage
which determines power flow through said cycloconverter
stage, and the power flow through said cycloconverter stage is
modulated by moditying the switching function of said cyclo-
converter stage relative to the resonant AC current.

15. The system of claim 14, further comprising:

a controller to control switching of switches within the two
or more cycloconverter circuits, the controller being
configured to: for a first polarity of a voltage signal
provided at the output port of a first cycloconverter cir-
cuit, bias first and second switches of the first half-bridge
circuit of the first cycloconverter circuit into their con-
duction states and modulate the first and second
switches of the second half-bridge of the first cyclocon-
verter circuit.

16. The system of claim 15, wherein:

the controller is configured to: for a second, different polar-
ity of the voltage signal provided at the output port ofthe
first cycloconverter circuit, bias the first and second
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switches of the second half-bridge circuit of the first
cycloconverter circuit into their conduction states and
modulate the first and second switches of the first half-
bridge circuit of the first cycloconverter circuit.

17. The system of claim 14, further comprising:

a controller to control switching of switches within the two
or more cycloconverter circuits, the controller being
configured to: for at least some operating conditions,
modulate the first switch of the first half-bridge circuit
and the second switch of the second half-bridge circuit
on and off substantially simultaneously, and modulate
the second switch of the first half-bridge circuit and the
first switch of the second half-bridge circuit on and off
substantially simultaneously.

18. The system of claim 14, further comprising:

a controller to control switching of switches within the two
or more cycloconverter circuits, the controller being
configured to: for at least some operating conditions,
modulate the first switch of the first half-bridge circuit
and the first switch of the second half-bridge circuit on
and off substantially simultaneously, and modulate the
second switch of the first half-bridge circuit and the
second switch of the second half-bridge circuit on and
off substantially simultaneously.

19. The power conversion circuit of claim 1 wherein the
switching voltage of the cyclococonverter circuits is deter-
mined by the switching function of said cycloconverter stage.

20. The power conversion circuit of claim 1 wherein said
transformer stage is further configured to provide impedance
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shaping between the inverter circuit output port and the trans-
former stage output ports and to generate AC current signals
at the transformer stage output ports, wherein the AC current
signal generated by said inverter circuit is provided having a
first voltage level and the AC current signals generated by said
transformer stage are provided having a second, different
voltage level.

21. The power conversion circuit of claim 20 wherein the
AC current signals generated by said transformer stage are
provided having a first frequency and the AC output signals of
the power conversion circuit are provided having a second,
different frequency.

22. The power conversion circuit of claim 1 wherein the
resonant AC current is provided by a resonant circuit which is
serially coupled in a select portion of a signal path between an
input port of said inverter circuit and the input ports of said
cycloconverter circuits.

23. The power conversion circuit of claim 1 wherein mag-
nitude of the resonant AC current signal is selected to control
power flow through at least one of said inverter circuit and
said cycloconverter stage.

24. The power conversion circuit of claim 1 wherein the
switches of said inverter circuit are controlled relative to a
switching function of said inverter circuit which determines
power flow through said inverter circuit, and the power flow
through said inverter circuit is modulated by modifying the
switching function of said inverter circuit relative to the reso-
nant AC current signal.
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