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COPYRIGHT NOTIFICATION

Portions of this patent application contain materials that
are subject to copyright protection. The copyright owner has
no objection to the facsimile reproduction by anyone of the
patent document or the patent disclosure, as it appears in the
Patent and Trademark Office patent file or records, but
otherwise reserves all copyright rights whatsoever.

TECHNICAL FIELD

The present invention relates to methods and correspond-
ing apparatus for efficient 3-phase AC to DC conversion
with high power quality, for example, high power factor and
low harmonic distortions. The invention further relates to
methods and corresponding apparatus for regulation and
control of said AC to DC conversion.

BACKGROUND

AC/DC converters may be widely used in many types of
industry. For example, in many applications electrical power
for components in a system may be provided using AC
generators. Because certain types of components (or loads)
may not use AC power, it would be common to rectify AC
power to obtain DC power. Rectification, however, may not
be accomplished with 100% efficiency, and typically results
in reduction in power quality, for example, reduction in
power factor and in increased harmonic distortions of the
line currents. In many applications, the power quality may
need to be at or above a certain level in order to prevent
disturbance to other loads on the system.

For example, there is an increasing need for high power
3-phase AC/DC converters for the next generation of More
Electric Aircraft (MEA). New standards for the power factor
and, more importantly, the limits on the reflected current
harmonics imposed by DO-160, Environmental Conditions
and Test Procedures for Airborne Equipment, call for devel-
opment of AC/DC converters, including those based on
active power factor correction (PFC) topologies, that satisfy
these stringent requirements.

Further, certain applications may have constraints on
and/or requirements regarding the output power, weight,
size, cost, complexity, and reliability, and on the electro-
magnetic compatibility (EMC) and electromagnetic inter-
ference (EMI) emissions of AC/DC converters.

There typically exist various other, often conflicting
requirements on AC/DC conversion. Those may include, but
are not limited to, requirements on different voltage conver-
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sion ratios (e.g., from 115 VAC to 270 VDC, or from 230
VAC to 540 VDC), “wild” frequency compatibility (i.e., the
ability to convert AC power that varies in time in a wide
frequency range, e.g., from 300 Hz to 800 Hz), output
voltage ripple, soft start ability (e.g., for powering motors),
over-current protection, cooling method(s), and environ-
mental requirements/qualifications.

Power conversion technologies that are capable of meet-
ing enhanced power quality requirements may be charac-
terized as passive conversion, active conversion, and
“hybrid” conversion employing harmonic correction tech-
niques such as those based on harmonic injection and/or
active filter implementation. An overview of different
approaches to constructing three-phase rectifier systems
may be found in, e.g., [3] and the references thereof.

For example, passive AC/DC power conversion may be
accomplished with a plurality of diode pairs, where each pair
is connected to a different phase of the AC input, to provide
a rectified DC output. However, this type of AC/DC con-
version may lead to substantial current harmonics that would
pollute the electric power generation and distribution sys-
tem. One solution to the foregoing problem may be to
increase the number of supply phases for rectification.

To reduce current harmonics, multi-phase transformers
(Transformer Rectifier Units, or TRUs) and/or autotrans-
formers (Auto-Transformer Rectifier Units, or ATRUs) may
be employed to increase the number of AC phases supplied
to the rectifier unit. For example, in an 18-pulse passive
AC/DC converter (18-pulse TRU/ATRU) the transformer/
autotransformer may be used to transform the three-phase
AC input whose phases are spaced at 1200, into a system
with nine phases spaced at 40°. This would have the effect
of reducing the harmonics associated with the AC/DC
conversion.

Passive multi-phase harmonic reduction typically has the
advantages of relative simplicity and low cost, absence of or
reduced need for energy storage devices and/or control, high
reliability (e.g., typical mean time between failures (MTBF)
in excess of 100,000 hours), robustness (e.g., the ability to
accepts high overloads), and low weight at high line fre-
quencies (e.g., at 400 Hz and higher).

An absence of output voltage regulation may be viewed as
the main disadvantage of passive conversion. Without such
regulation, input voltage variations are proportionally
passed to the output, and a change in the load would also
result in a change in the output voltage. For example, in a
passive converter from 115 VAC to 270 VDC a typical
difference in the output voltage between no load to full load
conditions may be approximately 4% to 6%, or 11 VDC to
16 VDC. To obtain output voltage regulation, an additional
active DC/DC converter stage would need to follow a
passive AC/DC converter stage, which would increase com-
plexity, weight, and cost, and would decrease efficiency,
robustness, and reliability of the converter. Also, the absence
of regulation may result in presence of significant inrush
currents.

To overcome certain limitations of passive conversion,
various active conversion means may be employed, in
addition or as an alternative to passive conversion. Such
means may include, for example, harmonic correction tech-
niques based on harmonic injection and/or active filter
implementation.

As amain alternative to passive AC/DC converters, active
(e.g., high frequency switch mode) AC/DC conversion may
also be used, and such active conversion would be capable
of providing regulated DC output voltage.
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Output voltage regulation and/or adjustment may be con-
sidered the main advantage of active conversion. Also,
active regulation topologies may operate in a wide range of
line frequencies (e.g., the same active AC/DC converter may
be used for 300 Hz, 800 Hz, and/or 50/60 Hz), and would
typically have a built-in soft start ability, over-current pro-
tection, current limiting, and thermal protection. In addition,
active AC/DC converters may have significantly lower
weight for low AC frequency conversion in comparison with
passive converters designed for such low frequencies.

The disadvantages of active converters may include
higher cost and lower reliability, the need for high energy
storage capacitor(s), and lower overload capabilities in com-
parison with passive conversion. In addition, active AC/DC
converters may not easily accomplish conversion at some
voltage conversion ratios.

For example, two typical active approaches may include
boost (step-up) and buck (step-down) conversion. For a 115
VAC line-to-neutral 3-phase input voltage, a boost converter
would be capable of providing =320 VDC output, while a
buck converter would be capable of providing =230 VDC
output. Thus the output voltage range from 230 VDC to 320
VDC may not be available without an additional DC/DC
conversion stage.

Depending on the converter topology, the output power
requirements, and the AC/DC voltage conversion ratios,
practical state-of-art passive, hybrid, and active AC/DC
converters would provide the input-current total harmonic
distortion (THD) in a typical range of 3% to 12%. Further
reduction of the THD (to, e.g., 1% to 2% range) may require
more complicated multi-stage and/or multi-level
approaches, with typically more than three active power
switches, increased complexity and cost, and decreased
robustness and reliability.

In addition, state-of-art active AC/DC converters target-
ing high power quality may require complicated regulation
and control topologies, e.g., those utilizing variable switch-
ing frequency, fuzzy logic, and/or multiple feedback control
loops.

SUMMARY

The present invention disclosed herein may be referred to
as an Ultra Linear Switching Rectifier, or ULSR, where
“ultra” may refer to very or extremely, “linear” may refer to
proportional relation between input currents and voltages,
and thus imply high power factor (PF) and low total har-
monic distortion (THD), “switching” may refer to active
(solid state) switching, and “rectifier” may refer to AC/DC
conversion.

The ULSR may be viewed as a unidirectional three-phase
three-switch pulse-width modulation (PWM) rectifier with
controlled output voltage. It may also be viewed as a
three-phase diode bridge with an integrated buck-boost
converter.

The ULSR offers a wide range of technical and commer-
cial advantages over the state-of-art solutions that may
include, but are not limited to, the following:

(1) Efficient 3-phase AC-t0-DC conversion with high
power factor (e.g., 299.9%) and low harmonic distortions
(e.g., =0.5%) for a wide range of line frequencies (e.g., from
50 Hz to 1 kHz), output powers (e.g., from zero to =10 kW),
and voltage conversion ratios; (ii) various standard and
custom conversion voltages, including step-up and step-
down conversion, and the output voltages corresponding to
those of a three-phase full-wave diode rectifier (V,_,,/
V=234, e.g., 115 VAC to 270 VDC, or 230 VAC to 540
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VDCQ); (ii1) both non-isolated and isolated topologies with
similar complexity, power densities, and other properties;
(iv) low complexity, low realization effort; (v) lightweight
and rugged “all-solid-state” design; (vi) three-wire input, no
connection to neutral; (vii) low EMI emissions; (viii) “wild”
line frequency compatibility; (ix) well distributed and equal-
ized currents through active and passive components; (X)
flexible cooling options (e.g., forced air, fan, cold plate,
liquid cooling); (xi) flexible options for component tech-
nologies (e.g., conventional Si devices, SiC- or GaN-based
semiconductors, diodes or actively controlled switches, air
or magnetic core inductors); (xii) large acceptable tolerances
and long-term drifts; (xiii) reliable behavior under heavily
unbalanced mains voltages and in case of mains failure;
(xiv) ability to easily connect various ULSR converters (of
the same and/or different power ratings) in parallel to
increase power and/or to provide N+1 redundancy.

While a variety of state-of-art fixed and/or variable
switching frequency (e.g., in a 40 kHz to 500 kHz range)
PWM controllers may be used with ULSRs to provide a
regulated output voltage, the present invention also discloses
a simple, robust, and stable analog fixed-frequency PWM
controller, with a common control signal to all three
switches, that is tailored to the ULSR topology. Said con-
troller requires only output voltage feedback control loop
(but may also include an additional load current feedback to
improve transient response of the ULSR to the changes in
the load), and is capable of providing a regulated ULSR
output voltage for full range of output power (i.e. from full
load to open circuit), with small amplitude and short dura-
tion voltage and current transients in response to load
changes.

Further scope and the applicability of the invention will
be clarified through the detailed description given hereinaf-
ter. It should be understood, however, that the specific
examples, while indicating preferred embodiments of the
invention, are presented for illustration only. Various
changes and modifications within the spirit and scope of the
invention should become apparent to those skilled in the art
from this detailed description. Furthermore, all the math-
ematical expressions, and the examples of hardware imple-
mentations are used only as a descriptive language to convey
the inventive ideas clearly, and are not limitative of the
claimed invention.

BRIEF DESCRIPTION OF FIGURES

FIG. 1. Initial idealized circuit diagram of a 3-phase
AC/DC converter of the current invention.

FIG. 2. Voltage and current relations during switching for
the inductor in the 1st section.

FIG. 3. Line voltage (upper panel), line current (middle
panel), and moving average of line current (lower panel) for
the converter shown in FIG. 1.

FIG. 4. PSDs of line current (upper panel) and of moving
average of line current (lower panel) for the converter shown
in FIG. 1.

FIG. 5. Maximum duty cycle D',,,. (upper panel) and
maximum value of the converter inductance L,,,, (lower
panel) according to equations (12) and (14), respectively, as
functions of the voltage conversion ratio V_,/V; .

FIG. 6. 3-phase AC-to-DC converter shown in FIG. 1 with
an LC filtering network inserted between the voltage sources
and the power stage of the converter.

FIG. 7. Example of voltage and current relations during
switching for the inductor in the 1st section of the converter
shown in FIG. 6 with C=C,,,, (V ,=min(V;,)).
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FIG. 8. Example of voltage and current relations during
switching for the inductor in the 1st section of the converter
shown in FIG. 6 with C=%4C,,, (Vy=min(V ).

FIG. 9. Example of voltage and current relations during
switching for the inductor in the 1st section of the converter
shown in FIG. 6 with C=2C,,,, (V,,=min(V; ).

FIG. 10. Power factors as functions of output power for
v=2, max(f,-)=800 Hz, line frequencies 300 Hz (thin line),
550 Hz (dashed line), 800 Hz (thick line), and switching
frequency f,, =48 kHz. The line inductance is according to
equation (44).

FIG. 11. Power factors as functions of output power for
v=2, max(f,-)=800 Hz, line frequencies 300 Hz (thin line),
550 Hz (dashed line), 800 Hz (thick line), and switching
frequency f,,, =144 kHz. The line inductance is according to
equation (44).

FIG. 12. Power factors as functions of output power for
v=2, max(f,-)=800 Hz, line frequencies 300 Hz (thin line),
550 Hz (dashed line), 800 Hz (thick line), and switching
frequency f,,,=480 kHz. The line inductance is according to
equation (44).

FIG. 13. Power factors as functions of output power for
y=1.9, max(f,~)=800 Hz, line frequencies 300 Hz (thin
line), 550 Hz (dashed line), 800 Hz (thick line), and switch-
ing frequency f, =144 kHz. The line inductance is according
to equation (41).

FIG. 14. Power factors as functions of output power for
y=1.78, max(f,.)=800 Hz, line frequencies 300 Hz (thin
line), 550 Hz (dashed line), 800 Hz (thick line), and switch-
ing frequency f =144 kHz. The line inductance is [,=44
pnH.
FIG. 15. Simulated power factor, efficiency, and total
harmonic distortions as functions of output power for
f,300 Hz, {,.~500 Hz, and f,.~800 Hz. (P,,,,=8.1 kW,
f,,,=144 kHz, 115 VAC/270 VDC conversion.)

FIG. 16. Example of line LC filtering network with
parallel R ,-[L; damping.

FIG. 17. Current supplied to the output RC circuit as a
sum of the output currents of the three sections.

FIG. 18. Voltage and current relations during switching
for the inductor in the 1st section.

FIG. 19. Duty cycle of a PWM with a “parabolic” wave
FCS.

FIG. 20. Duty cycle of a PWM with a full-wave rectified
sine wave FCS.

FIG. 21. Duty cycle of a PWM with a sine wave FCS.

FIG. 22. D? and dD*dx as functions of x for the FCSs
shown in FIGS. 19, 20, and 21.

FIG. 23. Reducing transients by increasing C,,.

FIG. 24. Reducing transients by using additional “cur-
rent” feedback.

FIG. 25. Transients for load changes from open circuit to
10% overload (0-110% load change).

FIG. 26. Further reducing transients by increasing C,,
(25-100% load change).

FIG. 27. Further reducing transients by increasing C,,
(0-110% load change).

FIG. 28. Reducing line current transients and output
voltage “ringing” during large low-to-high load steps
(0-110% load change). (P,..=8.1 kW, f =144 kHz,
f,=500 Hz, 115 VAC/270 VDC conversion.)

FIG. 29. Example of converter output stage with EMI
filtering network.

FIG. 30. Example of currents and voltages in a converter
with output EMI filtering (25-100% load steps). (P,,,.=8.1
kW, £, =144 kHz, f, =500 Hz, 115 VAC/270 VDC conver-
sion.)
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FIG. 31. Example of currents and voltages in a converter
with output EMI filtering (0-110% load steps). (P,,,.=8.1
kW, f, =144 kHz, £, =500 Hz, 115 VAC/270 VDC conver-
sion.)

FIG. 32. Example of controller circuit implementation.

FIG. 33. Limiting maximum voltages across switches by
TVS diodes.

FIG. 34. Example of parallel connection of two different
ULSR converters.

FIG. 35. Idealized circuit diagram (without an output EMI
filtering network) of an ULISR unit with step-up autotrans-
formers replacing the converter inductors to increase the
output voltage.

FIG. 36. 3-phase boost AC-to-DC converter, with an L.C
filtering network inserted between the voltage sources and
the power stage of the converter.

FIG. 37. Idealized circuit diagram of an Ultra Linear
Isolated Switching Rectifier (ULISR).

FIG. 38. Illustration of effects of parasitic capacitances on
the 1st section converter inductor voltage and current, and
on the line current.

FIG. 39. Example of an active snubber to ensure that the
current in, and the voltage across, converter inductors in
each ULSR section are effectively zero at the beginning and
the end of any switching interval.

FIG. 40. Ilustration of reducing the effects of parasitic
capacitances on the inductor voltage and current, and on the
line current, by an active snubber shown in FIG. 39.

FIG. 41. Example of CM section chokes added to reduce
CM section currents.

FIG. 42. Ilustration of reducing the effects of parasitic
capacitances on the inductor voltage and current, and on the
line current, by an active snubber and CM section chokes, as
shown in FIG. 41.

FIG. 43. Ilustrative comparison of efficiencies and THD
of ULSR converters, as functions of output power, for
ULSRs (i) without active snubber, section CM chokes, and
converter inductors coupling (line type I), (i) with active
snubber only (line type II), (iii) with both active snubber and
section CM chokes (line type III), and (iv) with the snubber,
CM chokes, and converter inductor coupling (line type IV).
P,x=3 kW, £ =144 kHz, f, =500 Hz, 115 VAC/270 VDC
conversion.)

FIG. 44. Example of the output voltages, currents, and
powers (illustrating the current/power limiting), efficiency,
THD, and losses in the snubber, as functions of the load
conductance, for a ULSR with active snubber and section
CM chokes. (P, ..=3 kW, f =144 kHz, £, =500 Hz, 115

max 5 Ssw

VAC/270 VDC conversion.)

ABBREVIATIONS

AC: alternating (current or voltage); ATRU: Auto-Trans-
former Rectifier Unit;

BOM: Bill Of Materials;

CCM: Continuous Conduction Mode; CM: Common
Mode; COT: Constant On Time; COTS: Commercial Off-
The-Shelf;

DC: direct (current or voltage), or constant polarity (cur-
rent or voltage); DCM: Discontinuous Conduction Mode;
DCR: DC Resistance of an inductor; DM: Differential
Mode; DSP: Digital Signal Processing/Processor;

EMC: electromagnetic compatibility; EMF: electromo-
tive force; EMI: electromagnetic interference; ESR: Equiva-
lent Series Resistance;

FCS: Frequency Control Signal;

GaN: Gallium nitride;



US 9,531,282 Bl

7

IGBT: Insulated-Gate Bipolar Transistor;

LDO: low-dropout regulator; LED: Light-Emitting
Diode;

MATLAB: MATrix LABoratory (numerical computing
environment and fourth-generation programming language
developed by MathWorks); MEA: More Electric Aircraft;
MOS: Metal-Oxide-Semiconductor; MOSFET: Metal Oxide
Semiconductor Field-Effect Transistor; MTBF: Mean Time
Between Failures;

NDL: Nonlinear Differential Limiter;

PF: Power Factor; PFC: Power Factor Correction; PoL:
Point-of-Load; PSD: Power Spectral Density; PSM: Power
Save Mode; PSRR: Power-Supply Rejection Ratio; PWM:
Pulse-Width Modulator;

RFI: Radio Frequency Interference; RMS: Root Mean
Square;

SCS: Switch Control Signal; SiC: Silicon carbide; SMPS:
Switched-Mode Power Supply; SMVEF: Switched-Mode
Voltage Follower; SMVM: Switched-Mode Voltage Mirror;
SNR: Signal to Noise Ratio; SCC: Switch Control Circuit;

THD: Total Harmonic Distortion; TRU: Transformer Rec-
tifier Unit;

UAV: Unmanned Aerial Vehicle; ULISR: Ultra Linear
Isolated Switching Rectifier; ULSR(U): Ultra Linear
Switching Rectifier (Unit);

VN: Virtual Neutral;, VRM: Voltage Regulator Module;

ZVS: Zero Voltage Switching;

DETAILED DESCRIPTION

As required, detailed embodiments of the present inven-
tion are disclosed herein. However, it is to be understood
that the disclosed embodiments are merely exemplary of the
invention that may be embodied in various and alternative
forms. The figures are not necessarily to scale; some features
may be exaggerated or minimized to show details of par-
ticular components. Therefore, specific structural and func-
tional details disclosed herein are not to be interpreted as
limiting, but merely as a representative basis for the claims
and/or as a representative basis for teaching one skilled in
the art to variously employ the present invention.

Moreover, except where otherwise expressly indicated, all
numerical quantities in this description and in the claims are
to be understood as modified by the word “about” in
de-scribing the broader scope of this invention. Practice
within the numerical limits stated is generally preferred.
Also, unless expressly stated to the contrary, the description
of a group or class of materials as suitable or preferred for
a given purpose in connection with the invention implies
that mixtures or combinations of any two or more members
of the group or class may be equally suitable or preferred.

The detailed description of the invention is organized as
follows.

Section 1 (“Buck-boost 3-phase AC-to-DC converter”)
introduces the ULSR arrangement that may be viewed as a
three-phase diode bridge with an integrated buck-boost
converter, and Subsection 1.1 (“Basic operation, voltage and
current relations, and the inductor value for the converter
shown in FIG. 1”) describes its basic operation and the
relations between its parameters and component values.

Section 2 (“Suppressing high-frequency component of
line current”) and its subsections 2.1 (“Virtual neutral
capacitance for the converter shown in FIG. 6), 2.2 (“Line
inductance and power factor for the converter shown in FIG.
6”), 2.2.1 (“Preferred choice for line inductance for the
converter shown in FIG. 6 to meet power factor specifica-
tions™), and 2.3 (“Additional line EMI filtering and damp-
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ing”) discuss the constraints that may be imposed on the
values of the virtual neutral capacitors and the line inductors
in an LC filtering network inserted between the voltage
sources and the converter in order to suppress high-fre-
quency components of the line currents.

Section 3 (“Regulating the output of a buck-boost 3-phase
AC-t0-DC converter”) and its subsections 3.1 (“Factors
affecting transient response™), 3.2 (“Further improving tran-
sient response by introducing a feedback signal indicative of
the load current”), 3.3 (“Light-load behavior and transitions
to and from zero load”), 3.4 (“Further reducing line current
transients and output voltage “ringing” during large low-to-
high load steps™), 3.5 (“Output EMI filtering™), and 3.6
(“Example of controller circuit implementation”) describe
the method and corresponding apparatus for providing a
robust and stable regulated converter output voltage for full
range of output power (i.e. from full load to open circuit),
characterized by small in magnitude and duration voltage
and current transients in response to load changes.

Section 4 (“Additional discussion of ULSR converter, its
modifications, and properties”) and its subsections Subsec-
tion 4.1 (“Scaling to different range of output powers”™), 4.2
(“Limiting maximum voltages across switches™), 4.3 (“Op-
eration under heavily unbalanced mains voltages and/or in
case of mains failure”), 4.4 (“Parallel connections to
increase power and/or to provide N+1 redundancy”), 4.5
(“Stepping output voltage up or down with autotrans-
former”), and 4.6 (“Boost 3-phase AC-to-DC converter”)
provide additional discussion of ULSR converters, their
modifications, and properties.

Section 5 (“Isolated buck-boost 3-phase AC-to-DC con-
verter”) introduces an isolated buck-boost 3-phase AC-to-
DC converter, referred to as an Ultra Linear Isolated Switch-
ing Rectifier, or ULISR.

Section 6 (“Mitigating the effects of parasitic capacitances
of semiconductor components and of bridge voltage drops™)
and Subsection 6.1 (“Further reduction of THD in ULSR by
introducing coupling among converter inductors”) discuss
mitigating the effects of parasitic capacitances of semicon-
ductor components and of bridge voltage drops.

Finally, Section 7 provides a few additional comments on
the current disclosure.

1 Buck-Boost 3-Phase AC-to-DC Converter

Let us first consider an idealized circuit diagram of a
3-phase AC/DC converter shown in FIG. 1. This arrange-
ment may be viewed as a three-phase diode bridge with an
integrated buck-boost converter. One should be able to see
that this converter may also be viewed as consisting of three
identical sections connected in parallel to a common load. In
this example, the load is represented by a parallel RC circuit.
Each section comprises 6 diodes (4 of which are connected
in a bridge), an inductor (with inductance L), and a switch.

It may be assumed here and further that the switches in all
three sections operate synchronously, i.e., they are “on”
(closed) and/or “off”” (open) at the same time, as indicated by
the dashed line drawn through the actuators of the switches.
Thus these three switches may be viewed as one triple-pole,
single-throw switch.

The main idealization of this diagram would be in assum-
ing that the AC voltage sources are effectively ideal (e.g.,
effectively zero line inductance), and in neglecting non-
idealities of the components, such as their parasitic capaci-
tances. As a result, we would assume zero current in the
reverse-bias direction of the diodes, and zero current through
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open switches. The effects of non-idealities of the compo-
nents would be addressed further in this disclosure.

One may see in FIG. 1 that a section of the converter
comprises an inductor (a “converter inductor”), a diode
bridge having two AC terminals and two DC terminals, a 1st
output diode and a 2nd output diode, and an active switching
device (a “switch”). The AC terminals of the bridge are also
the input terminals of the section, and a 1st input voltage is
applied to a 1st AC terminal, and a 2nd input voltage is
applied to a 2nd AC terminal. The cathode of the 1st output
diode is a positive output terminal of the section, and the
anode of the 2nd output diode is a negative output terminal
of the section.

One may further see in FIG. 1 that the anode of the 1st
output diode is connected to a 1st terminal of the converter
inductor, forming a 1st node, and that the cathode of the 2nd
output diode is connected to a 2nd terminal of the converter
inductor, forming a 2nd node.

Further, in FIG. 1 a 1st terminal of the switch is connected
to a negative DC terminal of the diode bridge, a 2nd terminal
of the switch is connected to the 1st node, and a positive DC
terminal of the bridge is connected to the 2nd node. Also, an
alternative switch connection may be used, wherein a 1st
terminal of the switch is connected to a positive DC terminal
of'the diode bridge, a 2nd terminal of the switch is connected
to the 2nd node, and a negative DC terminal of the bridge is
connected to the 1st node.

One skilled in the art will recognize that diodes in the
converter shown in FIG. 1 may be replaced with active
semiconductor switches. For example, a diode bridge may
be replaced by a synchronous MOSFET-based rectifying
arrangement.

1.1 Basic Operation, Voltage and Current Relations,
and the Inductor Value for the Converter Shown in
FIG. 1

One should be able to see that the converter depicted in
FIG. 1 is powered by three voltage sources providing the
voltages V, V,, and V_, and connected in a “Y” configu-
ration. Thus the voltages applied to the three sections of the
converter would be equal to the differences V -V, (1st
section), V,-V_ (2nd section), and V_-V, (3rd section),
respectively.

Let us assume that the switches operate at a fixed switch-
ing frequency and with a given duty cycle, so that the
duration of a full switching interval is AT=const, and the
duration of the interval during which the switches are in the
“on” position (allowing the current to flow through the
switch) is At ,=const<AT. Let us further assume that the
converter operates in a discontinuous conduction mode
(DCM), so that the inductor current in each section is zero
at the beginning (and, therefore, at the end) of any switching
interval.

Let us now examine the voltage and current relations
during a switching interval for the inductor in the 1st section,
as illustrated in FIG. 2. One should be able to see from FIG.
1 that, ignoring the voltage drops across the diodes and the
switch, during the “on” time the voltage across the inductor
would be equal to the absolute value of the voltage applied
to the section, i.e., to IV, -V, I, causing the inductor current
to increase. Also, the inductor current during the “on” time
would be equal to the absolute value of the current supplied
to the section, II;1. During the initial phase of the switch
“off” time, the inductor current would forward bias the
“output” diodes, and the voltage across the inductor would
be equal (ignoring the diodes’ forward voltage drop) to the
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output voltage difference V_-V,, causing the inductor cur-
rent to decrease. Since the converter operates in a DCM, at
the final phase of the switch “off”” time both the inductor
current and the voltage across the inductor would be equal
to zero. Also, the current I supplied to the section would be
equal to zero during the entire switch “off”” interval.

With the above, the average value <I,> of the current I,
supplied to the 1st section during a full switching interval
starting at t, may be expressed as

0+Atop (1)
dil (1) =

on

Ve oV,

1_1
<1>_ﬁ 5

where V_, is the voltage V _(1)-V, (1) evaluated at some
instance within the “on” position of the switch. For example,
if the switch is turned on at time t,, then V_,=V _(1)-V (1),
where T is such that t <t=t,+At,,,.

One may see from equation (1) that for a sufficiently small
At,,, the average values over a full switching interval of the
supply current and the supply voltage would be proportional
to each other.

Let us now consider the converter shown in FIG. 1
wherein the voltage sources supply balanced 3-phase volt-
ages with the AC frequency f,.~T,™*. For the initial sim-
plicity of the subsequent discussion, let us also assume that
the switching frequency f,, =AT~" is such that f,, =6N .,
where N is an integer. Then, from the symmetries that should
be apparent in FIG. 1, the following relations among the
currents and voltages would hold (with practical accuracy
limited by non-idealities):

Vo(t)=Vo(t-T0/3),
V(2)=V(t-2T¢/3),

V (D+V,(D+V,(5)=0, 2)

I(O=I(t-To/3),
I(0)=L,(t-2Ty3),

LO+L(O+(0)=0, 3)

L(O=1,(t-To/3),
L=1,(t-21y/3),

L()+L(O)+3(5)=0, 4

and
L*(0=1*0-14/3),

L*O=1*(-2T4/3). ®
From equation (1) it would follow that

LO=G[V()-V3(D)]+AL (@), Q)

where G is a constant (with physical units of conductance)
and Al (t) is a zero-mean current with the main frequency
content consisting of the harmonics of the switching
frequencyzthe AC frequency. Similarly,

LO=G[V()-V(O)+AL(1) M

Since from equation (2) it follows that V-V, ,—-(V_-V )=
3V, the line current I (t) may be expressed as

L= (0O)-L(O=3GV()+AL(2), ®)
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where Al (1) is a Zero-mean current with the main frequency
content consisting of the harmonics of the switching
frequencyzthe AC frequency.

Likewise,

LO=LO-1,()=3GV,(+AL(D), ©)]

and
LO=L(0-LO=3GV ()+AL Q). 10)

One should be able to see from equations (8), (9), and (10)
that, ignoring the frequency content with frequencies at
f.,,~f,c and above, the line currents in the converter shown
in FIG. 1 would be proportional to the respective line
voltages.

This is illustrated in FIG. 3 for the line voltage V (t) and
the respective line current I (t) for the converter shown in
FIG. 1 with the following values: The line frequency is
f,=500 Hz, the switching frequency is f,, =78f, =39 kHz,
the conductance of the load is G, R, ., =(9)7}, the
output voltage is V_,,=V,-V_=270 V (the output power is

out

P,,.=8.1 kW), the RMS of the line-to-neutral voltage is
V=115V, and the inductance is L=39 pH.

One skilled in the art will recognize that equations (3), (4),
and (5) may not generally hold for the instantaneous current
values if f_ =6N f, .. However, one will also recognize that
these equations may still adequately represent the current
relations for the current values averaged over a full switch-
ing interval, provided that the switching frequency is suffi-
ciently high, e.g., {2100 £, . Thus equations (8), (9), and
(10) would still hold, and, ignoring the frequency content
with frequencies at f_,—f,- and above, the line currents in
the converter shown in FIG. 1 would still be proportional to
the respective line voltages.

This is illustrated in FIG. 4 for the converter shown in
FIG. 1 with the following values: The line frequency is
f,=500 Hz, the switching frequency is {,,,=80f, ~40 kHz,
the conductance of the load is G, =R, ., =(9Q)7}, the
output voltage is V_,,=V,-V_=270 V (the output power is

out

P,,=8.1 kW), the RMS of the line-to-neutral voltage is
V=115V, and the inductance is L=39 pH.

One skilled in the art will recognize that if the product of
the resistance and the capacitance of the load is sufficiently
large so that the voltage V,-V_ across the load may be
considered constant, then the conductance G may be

expressed as

1 (v =vP 1V2 (1

- — out 1 POMI
3vievEevz o

9vz,’

o o2 Cload =
¢ 9 Vin

where V,,~V,-V_, G,,../~Rs.. " is the conductance of the
load, V,, is the RMS of the line-to-neutral voltage, and P,
is the output power.

The voltage conversion ratio V,,/V, \=3V6/m=2.34 may
be of a particular interest, as it would correspond to the
conversion ratio of a three-phase full-wave diode rectifier.
For this ratio, G™'=r’R,, /6~5R,, /3.

The maximum duty cycle D', for which the converter
shown in FIG. 1 would always operate in a DCM may be
expressed as follows:

max(Az,,) _ 1 1

Vo—Vy) 7
AT 1+ maix( b) 1+ \/E el
Vour Vour

12
Dl = 12)
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For example, D', =1/(1+n/3)=% (for V, /V,~3V6/n
(e.g., for V=115V and V_,,=270 V).

out
When operating at D' the conductance G would have
the maximum value G

maxs

maxs

G = L You o L P (13
max = G maxlGioad) = 57
9VEy e’ =52,

where P

o 18 the maximum output power of the converter.
Thus the maximum value of the inductance L, , =max(L)
for which the converter shown in FIG. 1 would always

operate in a DCM may be expressed as follows:

3V2 14

out

0D, P VAAT

Liax = 2P

4f,P, (1+ You ]
P L+ 0

For example, L, .~44 uH for V, =115 V, V_, =270 V,
P ue =8.1 kW, and AT=25 ps ({,,,=40 kHz).

However, if the line voltage is reduced to V,,=90 V,
L34 uH to ensure a DCM operation for the same
maximum output power.

FIG. 5 plots the maximum duty cycle D', .. (upper panel)
and the maximum value of the converter inductance L, .
(lower panel) according to equations (12) and (14), respec-
tively, as functions of the voltage conversion ratio V,,,/V; A~

In a design of a practical converter for givenf .V . and
P,...» and operable at a minimum line voltage min(V; ), the
inductance value for the converter inductor may be chosen
as

3v2 (15)

out

L= zslmx.

Vou
o ——
min(Va)V6

Then the “actual” maximum duty cycle D,, . of the con-
verter (while operating at maximum power and at minimum
line voltage) may be expressed as

N 2Lf, Prax , (16)

Dmax =Yoo = max*
3min(Vyy)

2 Suppressing High-Frequency Component of Line
Current

To suppress the high-frequency component of the line
current, let us insert an LC filtering network between the
voltage sources and the converter, as shown in FIG. 6. For
convenience, let us refer to an inductor L, as a “line induc-
tor”, to an inductor L as a “converter inductor”, and to a
capacitor C as a “virtual neutral capacitor”, or “VN capaci-
tor”.

Depending on the converter specifications (e.g., voltage
conversion and power rating, and the switching frequency)
and the converter inductance, the values for the line induc-
tors and the virtual neutral capacitors would need to be
chosen in a proper way to ensure high power factor and
efficiency, and low harmonic distortions of the line current.
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The constraints that may be imposed on the values of the
virtual neutral capacitors and the line inductors are discussed
in this section.

2.1 Virtual Neutral Capacitance for the Converter
Shown in FIG. 6

Let us first assume that the line inductance L, is suffi-
ciently large so that the line currents I , I,, and/or I, may be
considered constant during a switching interval. It may be
then shown that a sufficient (albeit not necessary) condition
for the current through a converter inductor to be an increas-
ing function of time during an “on” position of the switch
(i.e., during any At_, interval) may be expressed as

Dy AT 12 L—C
= -
max: = 4 73 2 B

leading to

an

(18)

8 D2 AT?
>

Then the minimum value of the VN capacitance C,,,, that
ensures an increasing current through a converter inductor
during any At,,, interval may be expressed as

16 Py
T 972 fmin(Viy)?

a9

min

For example, C,,,,~3.6 uF for P, ,.=8.1 kW, min(V,,,)=100
V, and AT=25 ps (40 kHz switching).

One should be able to see from equations (14) and (19)
that, for given voltage and current specifications, both L.,,, .,
and C,,, are inversely proportional to the switching fre-
quency f,, =AT™.

FIG. 7 provides an example of voltage and current rela-
tions during switching for the inductor in the 1st section of
the converter shown in FIG. 6 with C=C,,,, (V,,=min
(V). One may see in this figure that at the end of a At,,
interval the inductor voltage approaches zero, and the rate of
increase in the inductor current becomes small (close to
7ero).

FIG. 8 provides an example of voltage and current rela-
tions during switching for the inductor in the 1st section of
the converter shown in FIG. 6 with C~% C,,,, (Vy=min
(V). One may see in this figure that the inductor voltage
approaches zero, and that the rate of change in the inductor
current becomes effectively zero before the end of a At_,
interval. Thus an increase (and/or a small decrease) in the
duty cycle would not result in a change in the output current,
and thus the output may no longer be regulated.

FIG. 9 provides an example of voltage and current rela-
tions during switching for the inductor in the 1st section of
the converter shown in FIG. 6 with C=2C,,,, (V,,=min
(V). One may see in this figure that the variation in the
voltage |V, *-V,*| is reduced, and that the current in the
converter inductor remains approximately linear during a
At,,, interval.

One should be able to see from the examples of FIGS. 7
through 9 that the value of the VN capacitance C=~2C,,,,,
provides approximately linearly increasing current in the
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converter inductor during a At,,, interval. Also, while with
C=C,,,, the switch is turned “off” at zero or small voltage
(e.g., ZVS switch off-time), and thus switching losses may
be reduced, such smaller VN capacitance values may result
in relatively larger average currents in the bridge diodes and
the switches, and thus in lower overall converter efficiency.

2.2 Line Inductance and Power Factor for the
Converter Shown in FIG. 6

Clearly, inserting an LC filtering network between the
voltage sources and the converter would affect the converter
power factor (PF), which for a given converter would now
be a function of both the line frequency f, . and the output
power P, (or conductance of the load G,,,). Thus both the
value of the VN capacitance C and the value of the line
inductance L, need to be properly chosen to ensure a high
power factor in full range of the line frequencies and in a
desired range of the output powers, while remaining as small
as possible for smaller weight, size, and cost.

While the VN capacitance C may be chosen in a relatively
simple way as C,,,,<C=<2C,,,,, this section provides a dis-
cussion and some guidelines for choosing the value of the
line inductance [, based on certain design requirements for
the power factor. One skilled in the art will recognize that
there may be a variety of alternative approaches to choosing
this value.

In reference to FIG. 6, various current and voltage rela-
tions may be expressed as

LO=L0-L0= Li, f iV - V5 (0], e
i, (O=-CV*(0), 21
V. (O=T,* (O+AV,* (1), (22)
and

LO-L(H+AL (D), (23)

where the overbar may be viewed to denote a centered
moving average with interval AT, and A (as in AV, *(1)
and/or Al (t))—a residual high-frequency component.

Further, from the previous discussion, the current I *(t)
may be expressed as

L*(0)=3GV 2 (O)+AL* (D), (24)

where G* is a constant with physical units of conductance,
and Al *(t) is a zero-mean current with the main frequency
content consisting of the harmonics of the switching
frequencyzthe AC frequency.

Since the switching frequency is much larger than the line
frequency (e.g., f.,,=100 {f,.), one skilled in the art will
recognize that from equations (20) through (24) it would
follow that

V2=V ())-3L,G*V,*()-L,CV,*() (25)
and
L(O=3G*T, *()+CF,* (). (26)

One skilled in the art will further recognize that, accord-
ing to equation (25), V_*(t) may be viewed as the line
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voltage V(1) filtered with a 2nd order lowpass filter with the
undamped natural frequency w, and the quality factor Q that
may be expressed as

1 C 27

40= —
ad =5\

Wy =

1
VI,C

respectively. If V_(1)=V, sin(2xf - 1), then, for a sufficiently
large o, (e.g., for m,>>>4n>f,.2), V_*(t) may be expressed
as V_*(y=V, sin(2nf, - t-¢), where

tan(¢)~6nL,G*f, . (28)

Assuming that G* is of the same order of magnitude as G
(which would be typically true), and using equation (11),
equation (28) may be rewritten as

27 Poy
tan(ep) ~ ?Ll_

29
Vi, fac-

For example, for P_,=8.1 kW, V=115V, and {, =1 kHz,

tan($)~1.28x10° Hz Q' L,.
Further, from equation (26),

] ] . C (30)
1o(1) = 3G" Vo [sin(27 fact — ¢) + ?fAC ECOS(ZﬂfAC[_ @)
=3G"* Vycos(@) B sin(2r facn) + o’ cos(2x fact)],
where
o E L =2r ¢ 3G L G
a = ?fACa —tan(p) = fAC(ﬁ - 1),
and
b=1+2afy PLC. (32)
Then the power factor may be expressed as
1.V, 1 1 (33)
PF = _UdVa) : ’ - = - =
ALY \/ wp Vit
1+ (F]

where the angular brackets denote time averaging over a
large time interval, and where

27 fac ( C (34

o= ————| — —3G*L,).
1+ Qrfac)? L, C\ 3G

One may further note that a~a!' for w,*>>4mf, 2.

Let us now choose the converter inductance as L=,
according to equation (14), and the VN capacitance as
C=yC

mind

16 Pax
Y53 >
97 fanVin

(35

C=yCpin =
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where v>1 is a parameter that would be typically not much
larger than unity (e.g., y=2).
Let us further choose the line inductance as L, =L,
where

N (36)
T 4m2Cmax(fac )’

Ly

and where k<<1.
Assuming that the conductance G* may be expressed as

= L P
9 viy’

@D

*

and that the output power P_,, is expressed as a fraction of
the maximum power P, (i.e., P, ,=PP,,.., Where 0<f=1),
substitution of equations (35) through (37) into equation
(34) would lead to the following expression for o as a
function of the output power:

3nBfow (38)

32
w=alBiy. fa. 0= 1A [1 —K(

>
378 fou 32ymax(f, AC)] }

_ 3Mvfac [1 _K( Blsw )2}
T Bl 34ymax(fac)) |

where 0<f=1, y>1, and k<<1.
A possible choice for the parameter k would be to ensure

a unity power factor at some specified load P_,,=f,P
With this,

max’

_ (327maX(fAc) ]2 N (3-47maX(fAc) ]2 39
U BBof )T Bofow ’
and equation (38) would become
(40)

34yfac [1 (£ )2]_

a=aB;y, fac, Bo) = B s

With k given by equation (39), the line inductance L, may
be expressed as

Vi “4D

L LY
)

For example, [~110 uH for P, ,.,=8.1 kW, V=115V,
f.,,=48 kHz, y=2, and f,=1 (i.e., PF=1 at maximum load).
Another attractive choice for Kk would be

max(fac) 42)
K= ————

Jow

and thus the resonant frequency of the L,C circuit is the
geometric mean of the switching frequency and the maxi-
mum line frequency,
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1
27TV L[C

43
=V foomax(fac) - @3

With f >>max(f,.), this choice would ensure that both
conditions k<<l and w,>>4r* {,.* are met.

If the VN capacitance is given by equation (35), x
according to equation (42) would lead to the value for the
line inductance as

9 Vi 44

L=—— "t
"7 64y Ppomax(fac)’

which is independent of the switching frequency. For
example, L~144 uyH for P, =8.1 kW, V=115V, y=2, and
max(f,-)=800 Hz.

We then may write the following expression for o as a
function of the output power:

45)

3.4y fac [1 _( B )2

Blow 34y

Sow ]
34y ’

@=a(B:y. fac) > s

Let us examine the values of a, and the respective power
factor values, for different output powers.
For full output power (p=1),

3dyfacl( 1V fr ‘ 46)
1; = — -1
tts 7. 0= 2575 ) i
Jfac 1

< 3.4ymax(fac) < 34y’

provided that the switching frequency is sufficiently high,
ie., £,2(3.4y)* max(f,.). Then

s tsw

1 2 47
PF(Lyy, fac) = 1 - §|01(1; Sacll
fac ? 1
>1- (4.8ymax(fAC)) >1- @.8y)2°

For example, for y=2 the minimum power factor at full
output power would be >98.9% in full range of line fre-
quencies.

One should note that the minimum power factor given by
equation (47) would be achieved in the limit of high switch-
ing frequencies, e.g., for f,,>>(3.4y)* max(f, ), and that the
full-load power factor would be generally higher for lower
switching frequencies, e.g., for £, =(3.4y)* max(f,.). For
example, for y=2 and max(f,.)=800 Hz, (3.4y)* max
(f,)=37 kHz, and for the switching frequency f,, =48 kHz
the full-load power factor at f, =800 Hz would be =99.94%.

The power factor would become unity at f=f, given by

max(fac) (“48)

sw

Po =34y

For example, for y=2 and max(f,-)=800 Hz, $,=0.878
(87.8%) for £, =48 kHz, and ,=0.507 (50.7%) for f,, =144
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kHz. One would note that, if the line inductance is chosen
according to equation (44), the switching frequency would
need to be larger than (3.4y)* max(f,.) (e.g., 237 kHz for
y=2 and max(f, .)=800 Hz) in order to achieve a unity power
factor at some load.

For f<f, the power factor would be an increasing
function of output power, becoming zero in the limit f—0.
For sufficiently small §§ (e.g., resulting in a small power
factor such that PF?<<1),

sw 49
PF(ﬁ;%fAc)z% @

for sufficiently small f3.
VfAcﬁ Y A

For p=p,,, such that

34y max(fac)

V2APF,,. fw

50
Boin ~ O

1 max(fac)| O

T 2APFuax fow

[@(Bomin; v> max(fac)l = V2APF |1
< V2APF,ux »

provided that APF,,, =max(f,.)/(21,,,). Then, for max(f,.)/
(21,,)=APF, . <<1, the power factor would remain rela-
tively large, namely

PF(B,,:,<P=Poy.max(f,-))=1-APF,, .. (52)

For example, for y=2, max(f,)=800 Hz, f_ =144 kHz, and
APF,, . =0.03 (3%), the power factor would remain above
97% for output powers larger than 15.4% of P, ..

One should note that the power factor 1-APF,, .. would be
achieved for 3, given by equation (50) in the limit of high
switching frequencies, e.g., for f_ >>max(f,.)/(2APF,, ),
and that the power factor at §3,,,,, would be generally higher
than 1-APF,, . for lower switching frequencies.

For APF,,, =0.03 (3%) and the line inductance according
to equation (44), FIG. 10 shows the power factors as
functions of output power for y=2, max(f,)=800 Hz, line
frequencies 300 Hz (thin line), 550 Hz (dashed line), 800 Hz
(thick line), and switching frequency f, =48 kHz.

For APF,,,,=0.03 (3%) and the line inductance according
to equation (44), FIG. 11 shows the power factors as
functions of output power for y=2, max(f,-)=800 Hz, line
frequencies 300 Hz (thin line), 550 Hz (dashed line), 800 Hz
(thick line), and switching frequency f,, =144 kHz.

For APF,,, =0.03 (3%) and the line inductance according
to equation (44), FIG. 12 shows the power factors as
functions of output power for y=2, max(f,)=800 Hz, line
frequencies 300 Hz (thin line), 550 Hz (dashed line), 800 Hz
(thick line), and switching frequency f, =480 kHz.

2.2.1 Preferred Choice for Line Inductance for the
Converter Shown in FIG. 6 to Meet Power Factor
Specifications

Let us now revisit the expression for a given by equation
(40). At full power p=1, and the power factor

3.4yfAC( 1 ] (533

1-—|,
T

a=al;y, fac, Po) = 7
6
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PF(L;y, facs o) =1 —APF g (54)

1
1= 3latLiy. fac. Bl

=5 ()

Then a unity power factor would be achieved at

Pout:BOPmaxs Where
1 55
b~ - _ (55)
> \2APF
3.4y fac

For example, B,~2/3 for APF,  =10"> (99.9% power fac-
tor), f,, =144 kHz, f, =800 Hz, and y=1.9.

The line inductance may then be given by equation (41).
For example, L.~78.5 uH for P,,,=8.1 kW, V=115V,
f,,=144 kHz, y=1.9, and ,=2/3.

For P<P,, the power factor would be an increasing
function of output power, becoming zero in the limit f—0.

For $=p,,,;, such that the power factor is 1-APF,, ., we may
write
PF(Boins 7> fac, Bo) = 1 = APFay (56)
1 2
~1- §|w(ﬁmin; 7. fac, Boll
ol 1(3-47fAC ]2( L Buin ]2
T2 fw Boin B
and thus
Brin = Bo(-K + VK2 +1), (57
where
Bofow 58)
= VAPF 0 .
4.8y fac e

For example, with f_ =144 kHz, £, .~800 Hz, y=1.9, and
Bo=2/3, Bni~0.445 (44.5%) for APF,,, =107> (99.9% power
factor), and §,,;,~0.136 (13.6%) for APF,,,.=0.032 (96.8%
power factor).

For the line inductance according to equation (41) (e.g.,
L~78.5 pH for P, =81 kW, V=115V, f_ =144 kHz,
y=1.9, and $,=2/3), FIG. 13 plots the power factors as
functions of output power for max(f,)=800 Hz and the line
frequencies 300 Hz (thin line), 550 Hz (dashed line), and
800 Hz (thick line).

Let us now consider a particular design example for a
converter desired to convert a V=115 VAC voltage with
maximum frequency max(f,-)=800 Hz into a V_,=270

VDC voltage, and to operate at up to 8.1 kW of output
power.

Let us first choose the switching frequency as f,, =144
kHz.
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From equation (14), L,,,,=12.2 uH, and, using =10%
tolerance margin, we may choose the converter inductance
as

L=11 yH. (59)
From equation (19), C,,,,,=0.766 uF, and we may choose
C=1.36 yF, (60)

e.g., two 0.68 uF capacitors connected in parallel, which
would lead to

y=1.78. (61)

Let us initially require that APF,,, =107, For this, the
power factor is larger than 99.9%, and may be considered
effectively unity. For APF,,, =107, B, given by equation
(55) would be ,=0.655, and the line inductance according
to equation (41) would be L,=76 puH.

Let us further assume that due to design constraints [,=44
pH. This would lead to the following value for f,:

v | C (62)
Po= oL ~ 0.86 > 0.655.
For this f,, the power factor at full load would be
1(34yfac 2( 1 ]2 63)
PF(L;y, R =1-= 1-—| =0.9999 (99.99%
7. fac. B0~ 1= 522 [1- (99.99%)

for any line frequency f, .=max(f, ), and may be considered
effectively unity.

The value §,,,,, for which the power factor still remains
above 99.9% would be
B <0499, (64)

or less than half of the maximum power, and the power
factor would remain above 96.8% for the loads>13%.

For this particular example, FIG. 14 plots the power
factors as functions of output power for the line frequencies
300 Hz (thin line), 550 Hz (dashed line), and 800 Hz (thick
line).

Let us consider another design example, for a converter
with f,, =144 kHz transforming a V;,~115 VAC voltage
with maximum frequency max(f,-)=800 Hz into a V_,,,=270
VDC voltage, and operating at up to P,,,,=8.1 kW of output
power.

From equation (14), L,,,.=12.2 pH, and the choice =10
pH would provide us with =20% tolerance margin.

From equation (19), C,,,,=0.766 pF, and the VN capaci-
tance value of C=1.2 pF (y=~1.57) would ensure (in combi-
nation with the reduced converter inductance, and thus
smaller maximum duty cycle) that the current through a
converter inductor would be an increasing function of time
during an “on” position of the switch.

For L, =60 pH, a unity power factor would be achieved at
Pout:BOPmaxs where

v | C
= 2 2069,
Poax N Lt

The power factor would be given by equation (33), where
a would be given by equation (40).

FIG. 15 provides examples of power factor, efficiency,
and total harmonic distortions as functions of output power
for £,,=300 Hz, f,.~500 Hz, and {, =800 Hz, simulated
using LTspice IV for such a converter constructed with

(65)
Bo
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Commercial Off-The-Shelf (COTS) components. (P,
kW, £ =144 kHz, 115 VAC/270 VDC conversion.) In these
examples, the theoretical power factors are shown by the
solid lines, and the output voltage regulation is performed by
a controller constructed according to the disclosure provided
in Section 3.

It would need to be noted, however, that the THD values
shown in the examples of FIG. 15 assume employing
additional means to mitigate the effects of parasitic capaci-
tances of the semiconductor components (i.e., the diodes and
the MOSFET power switches), as discussed in more detail
in Section 6 of this disclosure.

=8.1

2.3 Additional Line EMI Filtering and Damping

To meet various requirements on the conducted input EMI
emissions, an additional filter for suppressing the input
common and differential mode EMI may need to be inserted
between the voltage sources and the LC filtering network.
Also, such an EMI filter may need to incorporate additional
damping.

Indeed, for example, if the line inductance is chosen
according to equation (41), then equation (27) may be
rewritten as

Wy (66)

L3
fo=e =

Toy S

and, with the constraints on y and f§, as discussed above,

Prnax
Pou

CD;

1 P
0.07f50 < fo £0.3f,, and = Q0=
2 Pou

Thus for light loads the quality factor may be significantly
large, and damping may need to be employed.

In practice, it may be sufficient to incorporate such
additional damping in the EMI filtering network. When
adding damping directly to the LC filtering network is
required, parallel R L., damping may be used, as illustrated
in FIG. 16.

When additional line EMI filtering and/or damping is
employed, the value of the line inductor L, may need to be
adjusted to meet the desired criteria for the power factor.

3 Regulating the Output of a Buck-Boost 3-Phase
AC-to-DC Converter

It may be shown that the output voltage of the converter
disclosed in Sections 1 and 2 would not only depend on the
input voltage and the duty cycle, but also on the converter
inductor value, the switching frequency, and the output
current. In this section, we describe the method and corre-
sponding apparatus for providing robust and stable regulated
converter output voltage for full range of output powers (i.e.
from full load to open circuit).

Let us first assume a load that may be represented by a
parallel RC circuit, and consider the current supplied to the
output RC circuit by the converter shown in FIG. 1 as a sum
of the output currents of the three sections, as illustrated in
FIG. 17.

Let us assume that min(R,,,,)C,;>>AT, and thus we may
neglect the high-frequency “ripples” in the output voltage.
For example, for C,,~105 pF, min(R,,, =92, and f, =144
kH, min(R,,.,)C, £, =136>>1.
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It may be then shown (see, for example, the illustration of
the inductor voltage and current relations during switching
depicted in FIG. 18) that the average value <J,> of the
current J, supplied by the 1st section to the output RC circuit
during a full switching interval may be expressed as

2 72

dl t V"b
HO= 307 Vo

(©68)

<J1>:Aif

where D=At, /AT is the duty cycle.

The average value <J> of the total current J supplied by
all three sections to the output RC circuit during a full
switching interval may then be expressed as

Vi +Vo Ve, €9

2L Vour

9V,
2Ly Vour”

Iy = (1) + () +(J3) = D?

<J> may also be expressed as the sum of the average
currents through the capacitor and through the resistive load,
namely as

I>=Gr00dV o™ +Cra<V ™.

out’

(70)

If we may express V,, as V=V, +AV, where
V,/~const and |IAVI<<V _, then equating the right-hand
sides of equations (69) and (70) and differentiating the
resulting equality with respect to time would lead to the
following expression:

d 5 . ; . N an
d?tD =D = pGioga + PGloadV + PGV,

where v=<AV>/V,_.is nondimensionalized transient volt-
age, and

21,V i 72

OVEy

p=

is a parameter (constant for V,~const) with physical units
of resistance.

For example, p=1.94Q for L=11 pH, f, =144 kHz,
V,.7270 V, and V,,~115 V. Further, if C,;=105 pF, then
pC,,=204 ps.

Let us now assume that the switches in the converter may
be controlled by a two-level switch control signal (SCS) in
such a way that a high level of the SCS corresponds to the

on” position of the switches, and a low level of the SCS
corresponds to the “off” position.

Let us further assume that the SCS may be provided by a
pulse-width modulator (PWM) comprising a comparator
that compares a signal x(t) with a frequency control signal
(FCS) y(1) and outputs a high-level SCS when y>x, and a
low-level SCS when y<x.

If the FCS y(t) is such that, for a constant x, D? is
proportional to x (D? xx) for 0<D<D, . then dD*/dx would
be a constant (dD*/dx=const) for 0<D=<D,, . If x(t) may be
considered approximately constant (in relation to y(t)) dur-
ing a AT interval, and if, further, x(t) is a linear combination
of v(t) and of an antiderivative of v(t) with respect to time
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(fdt v(t)), then equation (71) for the nondimensionalized
transient voltage v(t) may be approximated by a 2nd order
linear differential equation.

An example of such an FCS that provides D* «x for
0<D<1 would be a “parabolic” wave as illustrated in FIG.
19. Such a parabolic FCS may be generated, e.g., by
integrating a zero-mean sawtooth wave and applying appro-
priate scaling and translation. Also, a good approximation
for such a parabolic FCS may be a full-wave rectified sine
wave with frequency £, /2, appropriately scaled and trans-
lated, as illustrated in FIG. 20.

When the proportionality D? «x may be desired only for
0<D=1/2 (e.g., when D,,, <1/2), a simple sine wave with
frequency f,,, may also be used, as illustrated in FIG. 21. In
the numerical examples (simulations) of this section, such a
sine-wave FCS signal is used.

FIG. 22 illustrates D* and dD*/dx as functions of x for the
FCSs shown in FIGS. 19, 20, and 21. Note that for all shown
FCSs D*=0 and

dDz—Of >0
;2 =0 forx>0.

In the subsequent discussion of this section, it would also be
assumed that

Dr=-—,
44

and thus

d

1
7 D? =—— =const, for —4AD?__ <x<0.
x

1A max ~

Thus the time derivative of D* for -4A D, , ><x<0 may be
expressed as

d , % )

dr’ T A

Let us further consider a signal x(t) that may be expressed
as a linear combination of the transient voltage and of its
antiderivative with respect to time,

1 (74
(1) =/,([T]AV([)+ ?fthV(t)].

The signal x(t) given by equation (74) may be interpreted
as a sum of a feedback error signal pAV(t) integrated by an
integrator with the time constant T, and of a feedback error
signal multiplied by the gain 7).

The time derivative of x(t) may be expressed as

e (75)

X0 = T[V(l) +nTo@)].

10

20

25

30

35

40

45

50

55

60

65

24

Then for -4A D,,,.<x<0 equation (71) for the nondimen-
sionalized transient voltage v(t) may be rewritten as

v=-ATB- [n+{p+ %Dz)/\]n - ATy, 7o
where R,,,,,=min(R,, ),
MV (rrﬂn(vuv)]2 an
P= gy = Do =0
0=B=GouiB pin=1s (78
To=R,,;»Crz=const, (79)
i 2 80
A:M(M] <o, 0
Vi
and where
o = Mo BUAVy (1)
“Vref Riin QR pipmin(V7,)
For example, A,=0.61 for A=1.6V, =10 uH, f, =144 kHz,
u=10"R,,,=9Q, V,, =270 V, and min(V,,)=100 V.
Equation (76) may be further rewritten as
ATy, (82)
v=-ATh- 5 % b - ATy,
where the quality factor Q may be expressed as
83
f Ay (83)
T 1 [ A
Q:#SQmm=— OTTO-
n+ (ﬁ + ﬂDz)/l "
el

A reasonable practical choice for the quality factor may be

< Omax S 1.

[ e

This choice would provide fast transient response that is not
significantly overdamped and/or underdamped.

3.1 Factors Affecting Transient Response

One may obtain from equation (82) that, for a step current
(i.e., when f(t) is proportional to the Dirac d-function [2]),
the duration At,, of the transient may be expressed as

84
F drv(r) m G
Ar, =22 = ,

f & dnw 9}
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and that, for a constant Q, both the magnitude and the
duration of the output voltage transient would be propor-
tional to

VT.

On the other hand, from equation (83),

85

Ao T
T= 2020 ,
7 Qe

and both the magnitude and the duration of the step-current
output voltage transient would be inversely proportional to
the gain m. Thus one should choose as high gain n as
practically reasonable without violating the validity of the
approximations employed in derivation of equation (82),
under various operational conditions.

In particular, since in derivation of the equations of this
section we have been considering quantities averaged over
a full switching interval AT=f_ =, one skilled in the art will
recognize that, for a reasonably small Q,,, . (e.g., Q,...<1) a
constraint on the gain i) may be expressed as

1 (86)
S ;/\ofszo,

where v is a constant of order 10 (e.g., y=10). For example,
Nn=10 for A,=0.61, £ =144 kHz, t,=1.1 ms, and y=10.

Using equations (85) and (86), equation (82) may be
rewritten as

£ B ¢ & @D
TRt Jolnnl FoCm
where
3 (88)
§=v v =7

One may notice that in equation (87) for the nondimen-
sionalized transient voltage the parameter & does not depend
on particular voltage and current specifications, and/or par-
ticular choice of component values, as well as A and p.

One may also notice that Q and Q,,,, would be of the
same order of magnitude for a sufficiently large n (e.g., for
N>>2h,). One skilled in the art will thus recognize that,
according to equation (87), a decrease in Q,, . would
increase the duration of a transient, At, xQ,_ ~>. The
magnitude of the transient would also be a monotonically
decreasing function of Q,, .., approaching a maximum value
in the limit Q,,,,—O0.

A reasonable practical choice for the quality factor may be
15=Q,,.»<1. This choice would provide a fast transient
response that is not significantly overdamped and/or under-
damped, and would also ensure that the undamped natural
frequency of the 2nd order lowpass filter represented by
equation (87) would remain sufficiently smaller than the
switching frequency.
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One skilled in the art will also recognize that, according
to equation (87), both the magnitude and the duration of the
step-current output voltage transient would be inversely
proportional to the switching frequency f,,.

Further, when both f and Q,,,. are fixed, the magnitude
of a transient would be inversely proportional to T, and thus
to the magnitude of the output capacitor C,,.

For example, as illustrated in FIG. 23 by a simulated
example for a particular converter implementation, doubling
the value of C,; would double t,, and thus, according to
equation (87), would reduce the magnitude of a transient in
half. (Note that, according to equations (86) and (85), the
gain 1 would be doubled, and T reduced in half.)

As one may see, while the high-low transients in FIG. 23
appear approximately critically damped, the low-high tran-
sients appear to be slightly underdamped. This may be
explained by the fact that, as was mentioned earlier, in the
simulated examples of this section a simple sine wave with
frequency £, was used as an FCS. For such an FCS, as
illustrated in FIG. 22, the value of

d D*atD=1/2
dx @ -

would be noticeably (approximately 50%) larger than at
D<<1, which would lead to a larger quality factor (and a
wider bandwidth) at heavier loads.

In general, replacing

by a constant value for a sine wave FCS would be a
relatively crude approximation. In practice, due to nonlinear
terms, the transient responses for such an FCS may exhibit
noticeable deviations from those described by the respective
“linearized” equations in this section. However, such devia-
tions may be considered to be of the same order of magni-
tude or smaller than the “idealized” responses, and the later
may be considered an acceptable 1st order approximation.

3.2 Further Improving Transient Response by
Introducing a Feedback Signal Indicative of the
Load Current

Let us modify the signal x(t) by adding a term indicative
of the current through R, as follows:

P 1 89
2= U AV R Gl Vo) + ?fdmv], 9

where R is a constant with physical units of resistance.
Then the time derivative of x(t) may be expressed as

= “VTf [v+ 0= R Groaa)T0 = (1 + VTR Goa, ©0
and for -4A D, *=x<0, equation (71) for the nondimen-

sionalized transient voltage v(t) may then be rewritten as
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©n

R
Ronin

v:—[/\—(1+v) }Tﬁ—

fos

Let us further express the ratio of R and R,,;, as

R Ronin _» . "
1—m ﬁ+TD A (T — ATy V.

K

min

92

=ad, O<a<l.

With this, and since |vI<<1, equation (91) may be written
as

v=—(l-aTB— {n + [(1 —w)f+ %DZ]/\}TV — ATy, . O3

One should be able to see that, if the parameters A, T, n,
R,..» 0, D?, and T, were constant, in the limit a—1 the
transient response given by equation (93) would vanish.
However, since in derivation of equation (93) we employed
certain approximations, and since both D* and dD*dx are
functions of x(t), equation (93) would be a nonlinear dif-
ferential equation. Thus, in order to ensure stability of
transient response for fast and wide range (i.e. from full load
to open circuit) of load changes, a practical value of o may
be limited to, e.g., approximately

[N e

which would reduce the magnitude of the transient response
by approximately a factor of 2.

This is illustrated in FIGS. 24 and 25 that compare
transient responses without and with a feedback signal
indicative of the load current. As discussed in Subsection 3.1
and illustrated in FIGS. 26 and 27, further reduction of the
transients’ magnitude may be achieved by increasing the
output (load) capacitance.

3.3 Light-Load Behavior and Transitions to and
from Zero Load

When the error voltage AV(t) becomes positive (e.g.,
during a transition from non-zero to zero load), the output of
an integrator (the term

1
demv

in equations (74) and/or (89)) becomes an increasing func-
tion of time.

When the value of x(t) exceeds the maximum value of the
FCS, the converter would stop switching and thus supplying
current to the output circuit. If the resistance of the load is
sufficiently large (e.g., infinite for an open circuit), AV(t)
may remain positive for a relatively long time.
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While x(t) remains larger than the maximum value of the
FCS, both the duty cycle and its derivative would remain
Zero,

d
D*=—D*= 0,
dt

and the output voltage would not depend on the value of x(t)
and/or its time derivative.
If AV(1) remains positive for a sufficiently long time,

1
—fthV
T

may become significantly large, limited, for example, by the
integrator’s supply voltage.

When the error voltage AV(t) becomes negative (e.g.,
during a transition from zero to non-zero load), the output of
an integrator (the term

1
—fthV
T

in equations (74) and/or (89)) becomes a decreasing function
of time.

If at the beginning of a zero to non-zero load transition the
value of x(t) is relatively large due to an excessively large
integrator output (i.e., large term

1
—fthV),
T

there would be an additional “recovery” time interval before
x(t) decreases to below the maximum value of the FCS and
the converter starts supplying current to the output circuit to
counteract the decrease in the output voltage. This would
increase the magnitude of an output voltage transient.

In addition, during the extra integrator recovery time a
magnitude of the rate of change (i.e., a magnitude of the time
derivative) of the signal x(t) would be unnecessarily increas-
ing without a respective increase in the duty cycle. When
x(t) eventually becomes smaller than the maximum value of
the FCS, such excess rate of change of x(t) may cause
“ringing” in the output voltage transient.

The reduction of the integrator recovery time (and thus a
corresponding improvement of a transient response) may be
accomplished by “clipping” the integrator output at a value
sufficiently close to the maximum value of the FCS.

For example, in terms of the mathematical formalism of
this section, this may be accomplished by replacing the term

1
T f diAvV
in equations 2(74) and/or (89) by the following term:

04

MJ‘MAV,

where 0(x) is the Heaviside unit step function [1].
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3.4 Further Reducing Line Current Transients and
Output Voltage “Ringing” During Large
Low-to-High Load Steps

Large low-to-high load steps may increase nonlinearities
in the transient responses. For example, following a large
low-to-high load step, the transient value of x(t) may cause
the duty cycle to exceed the value of D,,,,, which may lead
to instabilities, stronger line current transients, and/or exces-
sive “ringing” in the transient voltage response.

Further reduction of line current transients and output
voltage “ringing” during large low-to-high load steps may
be achieved by limiting the maximum duty cycle that may
be provided by the controller. This may be achieved by
limiting the value of x(t). For example, as shown further in
Section 3.6, one may limit (“clip”) the “low” level output of
the summing amplifier to a value corresponding, for a given
FCS, to a maximum allowed duty cycle D,,, ..

FIG. 28 provides an example of reducing line current
transients and output voltage “ringing” during large low-to-
high load steps (for 0-110% load change) by such clipping
of the summing amplifier’s output, and thus limiting the
maximum allowed duty cycle. (P,,,,=8.1 kW, f =144 kHz,
f,=500 Hz, 115 VAC/270 VDC conversion.)

Note that limiting the maximum allowed duty cycle to
D,,.. would limit the maximum steady state current max
(Iisne,rms) drawn from an AC line to

Viv

1 Ppax
(min( Vin)

2 93
3 Vv ) :

max(Line,ms) =

3.5 Output EMI Filtering

To reduce the output common mode (CM) and differential
mode (DM) EMI, an EMI filtering network may be used,
such as, for example, the one illustrated in FIG. 29. As a
guideline, the relations among the components in the EMI
filtering network shown in FIG. 29 may be expressed as
follows.

For the common and differential mode inductors and the
bypass capacitors,

L>>Lyand Cgp>>Cy. ©6)

For example, L _=4.6 mH>>[ ~29 pH, and C_, =40
uF>>C_,=1 uF.

The undamped resonant frequencies for both CM and DM
should be much smaller than the switching frequency,

1 1 (CH)
— <« fy and ————— < fo.
rs \ ZLCCCb 2 \ ZLdCdb

For example, for the switching frequency f, =144 kHz, 1.7
kHz<<144 kHz and 10 kHz<<144 kHz.

The values of the damping capacitors for both CM and
DM should be much larger than twice the values of the
respective bypass capacitors,

C,>>2C,, and Cy22Cy ©8)

For example, C_~47 pF>>2C,=2 uF, and C_ =990
uF>>2C =80 pF.

Then the values of the damping resistors (including the
ESRs of the respective damping capacitors) may be given as
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| L [ Lq
Reg = Tom and Ry =~ de.

For example, R_~48Q and R, ~190 mQ.

FIGS. 30 and 31 provide examples of currents and volt-
ages in a converter with output EMI filtering, illustrating the
reduction in the CM and DM EMI. One may also note that
the additional DM filtering added by the EMI filtering
network further reduces transient currents and voltages.
P,..=81 kW, f_ =144 kHz, f,.=500 Hz, 115 VAC/270
VDC conversion.)

9

3.6 Example of Controller Circuit Implementation

FIG. 32 provides an example of controller circuit imple-
mentation. This example shows a simplified schematic of a
simple analog controller comprising (i) an integrator with
time constant T=RC, (ii) a proportional amplifier with gain
7, (iii) a unit gain summing amplifier, (iv) a comparator
outputting a switch control signal (SCS), and (v) a means to
provide a frequency control signal (FCS) and an optional
current feedback signal.

This schematic also shows a means to limit (“clip”) the
negative outputs of the integrator and the summing ampli-
fier. In this example, it is accomplished by simple diode
clipping.

One may see that, if —y(t) is the FCS, then the comparator
input would be y(t)-x(t), where x(t) may be expressed,
ignoring the clipping, as

p 1 100
x=u nAV—KI,oad+detAV]. (100)

If, as shown in FIG. 32, a simple diode clipping is used,
then for a simple sine wave FCS and

1
Dypex = =
max % 50 Y(0)
may be expressed as

. A (101)
¥(2) = Asin(2n fo,1) + 7

where A may be set to approximately twice the value of the
forward voltage drop of the diode. For example, for a small
silicon diode, A may be about 1.2 Vto 1.4 V.

In practice, if the diode clipping is used, one may want to
use “asymmetrical” clipping (e.g., the clipping in the sum-
ming amplifier may be accomplished by two diodes in
series), so that the clipping diode in the integrator feedback
would remain in reversed-biased mode for a wider range of
output powers and the integrator’s DC gain would remain
high. For two diodes in series in the feedback of the
summing amplifier, y(t) may be expressed as

3 . (102)
y(1) = zAsm(ZﬂfSWt) + A.
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In FIG. 32, a feedback signal indicative of the load current
(1) would allow to improve the overall transient response, the
integrator output clipping (ii) would allow to improve the
light-load behavior and the low-to-high transients, and the
summing amplifier clipping (iii) would provide the duty
cycle limiting, allowing to improve the voltage and current
transients for large-amplitude low-to-high transitions. In
addition, the duty cycle limiting would limit the maximum
steady state current drawn from the mains according to
equation (95).

4 Additional Discussion of ULSR Converter, its
Modifications, and Properties

4.1 Scaling to Different Range of Output Powers

A buck-boost 3-phase AC-to-DC converter disclosed
above may be referred to as an Ultra Linear Switching
Rectifier (Unit), or ULSR(U).

“Ultra” may refer to very or extremely, “linear” may refer
to proportional relation between input currents and voltages,
and thus imply high PF and low THD, “switching” may refer
to active (solid state) switching, and “rectifier” may refer to
AC-10-DC conversion.

As has been disclosed, an AC-to-DC converter according
to the current invention may be configured to provide
AC-t0-DC conversion for a wide range of line and switching
frequencies, output powers, and voltage conversion ratios,
and the values of the converter components and the con-
troller parameters may be chosen according to the provided
disclosure, based on the desired performance specifications.

For example, given a converter (and the associated con-
troller) designed for given input AC and the output DC
voltages, line frequency range, switching frequency, and
output power range, it may be desirable to re-scale the
output power range provided by the converter.

A straightforward way to re-scale the values of the
converter components and the controller parameters of a
converter designed for P,,, =P, to a larger range of output
powers, P, =P,>P,, may be as follows:

(1) obtain the scaling coefficient K as K=P,/P,>1,

(ii) decrease all inductor values (e.g., the converter inductors
L and the line inductors L;) by a factor of K,

(iii) increase all capacitor values (e.g., the virtual neutral
capacitors C and the output capacitor C,,) by a factor of K,
and

(iv) decrease the “current feedback” coeflicient R by a
factor of K.

Then, for a proportionally scaled output power (i.e., for
P, BP,...) the respective node voltages in the “new”
converter would remain effectively the same as in the “old”
converter (that is, ignoring changes in the voltage drops
across the components due to the changes in the currents
through the components), while the respective currents
would be effectively increased by a factor of K.

4.2 Limiting Maximum Voltages Across Switches

When the switch in a ULSR section is turned off, the
voltage across the switch would be the sum of the voltages
across the output of the bridge and across the converter
inductor. In a ULSR built of ideal components, the maxi-
mum value of such voltage may be easily determined. For
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example, for the 1st section in FIG. 1, the maximum voltage
across the switch may be expressed as

Vour +max((Vy + V)| = Vou + Vi V6 .

The virtual neutral capacitors in the line LC filtering
network (see FIG. 6) increase this voltage to

Vour +max((Vy + Vi)l = Vi + Viy V6 .

Further, parasitic elements (such as, e.g., parasitic capaci-
tances) in a practical ULSR may cause this voltage to be
noticeably higher.

Power MOSFET switches may have a maximum specified
drain to source voltage (when turned off), beyond which
breakdown may occur. Exceeding the breakdown voltage
may cause the device to conduct, potentially damaging it and
other circuit elements due to excessive power dissipation.
Then a transient voltage suppressor (TVS) device, for
example, a transient voltage suppression diode may be used
to limit the maximum voltage across a switch. FIG. 33
illustrates limiting maximum voltages across switches in a
ULSR by TVS diodes.

4.3 Operation Under Heavily Unbalanced Mains
Voltages and/or in Case of Mains Failure

A ULSR converter would normally exhibit reliable behav-
ior under heavily unbalanced mains voltages and/or in case
of mains failure. For example, under a single-phase outage,
a ULSR would be capable of providing approximately 2/3 of
its nominal maximum power with a moderate degradation of
the power quality.

Proper modification of the ULSR controller parameters
(such as, e.g., increasing the integrator time constant T
and/or decreasing the gain 1)), may provide ULSR operation
under heavily unbalanced mains voltages and/or in case of
mains failure without significant, if any, degradation of the
power quality.

4.4 Parallel Connections to Increase Power and/or
to Provide N+1 Redundancy

It may be desirable to connect two or more different
AC-t0-DC converters in parallel to increase output power
and/or to provide N+1 redundancy. The present invention
enables such “paralleling” of converters with the same
and/or different power ratings that would not require tight
output voltage matching or active means to “force” current
sharing.

FIG. 34 provides an example of connecting two ULSR
units in parallel. As indicated by the dashed line in the figure,
all switches operate synchronously, i.e., they are “on” and/or
“off”” at effectively the same time. For example, all switches
may be turned “on” and/or “off” by the same SCS provided,
e.g., by the controller of one of the units.

For simplicity, it may be assumed that the line-to-neutral
source voltages have effectively the same RMS values (but
not necessarily the line frequencies, which may be different).
For example, the units may be connected to the same
3-phase AC source. We may further assume that the values
of the components and the controller parameters of a con-
verter unit are chosen according to the current invention.
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Then the arrangement shown in FIG. 34 may be (somewhat
simplistically) viewed as a single ULSR unit wherein the
value of the converter inductor may be expressed as LL'/
(L+LY.

Similarly, N different converter units connected in parallel
may be viewed to be akin to a single unit wherein the value
of the converter inductor may be expressed as 1/Z,_ ",
where L, is the converter inductor value for the ith unit. For
example, four effectively identical units with the converter
inductor value L. connected in parallel would be akin to a
single converter unit with the converter inductor value [/4.

If P, is the maximum output power of the ith unit, and fP,
is the power provided to the load by the ith unit, then the
total power P_,,, provided to the load by N different converter
units connected in parallel would be effectively
Pout:BZiZINPi'

4.5 Stepping Output Voltage Up or Down with
Autotransformer

Given the output power rating of an ULSR, its output
voltage may be changed, while effectively preserving the
voltage and current relations for the line inductors, virtual
neutral capacitors, diode bridges, and the switches, by
replacing converter inductors by autotransformers.

For example, FIG. 35 provides an idealized circuit dia-
gram (without an output EMI filtering network) of an ULSR
unit with step-up autotransformers replacing the converter
inductors to increase the output voltage.

For a given output power, switching frequency, and the
duty cycle, the output voltage V', =V' -V'_ of the ULSR
shown in FIG. 35 would be

I
Ia

where V,_ =V,-V_ is the output voltage of the “base”

ULSR (e.g., shown in FIG. 6) with the same component
values (and the converter inductor value equal to L).

(103)
v

out

= Vom[l +

4.6 Boost 3-Phase AC-to-DC Converter

For large voltage conversion ratios

(e.g., Vow ! Vin > 6\/g/n)

one may use a boost converter topology, as illustrated in
FIG. 36. While this configuration may not be able to achieve
extremely low THD levels of a ULSR, it still would share
some of the main advantages of a non-isolated ULSR
topology.

One skilled in the art will recognize that a detailed
analysis of the behavior and properties of such a converter
may be performed in a manner similar to the rest of the
disclosure herein.

5 Isolated Buck-Boost 3-Phase AC-to-DC
Converter

A non-isolated ULSR disclosed herein may be converted
into an isolated configuration by replacing converter induc-
tors by transformers (flyback transformers), as illustrated in
FIG. 37. We may refer to such an isolated buck-boost
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3-phase AC-t0-DC converter as an Ultra Linear Isolated
Switching Rectifier, or ULISR.
For a given output power, switching frequency, and the
duty cycle, the output voltage V', ,=V,-V'_ of the ULISR
shown in FIG. 37 would be

L/
= Vou I 5

where V, =V, -V_ is the output voltage of the “base”
non-isolated ULSR (e.g., shown in FIG. 6) with the same
component values (and the converter inductor value equal to
L.

One may note that in a ULISR (i) only one out of two
output diodes would be needed, (ii) either positive or nega-
tive output terminal may be connected to ground, and (iii) an
output CM EMI filter would be unnecessary.

(104)
v

out

6 Mitigating the Effects of Parasitic Capacitances
of Semiconductor Components and of Bridge
Voltage Drops

Note that in the previous sections of this disclosure we
have neglected non-idealities of the components in a ULSR,
such as their parasitic capacitances. As a result, we have
assumed zero current in the reverse-bias direction of the
diodes, and zero current through open switches. In addition,
we have assumed DCM operation, and thus that the current
in, and the voltage across, the converter inductor in each
section are zero at the beginning (and, therefore, at the end)
of any switching interval.

However, parasitic capacitances of the diodes and the
switches (e.g., MOSFET power switches) may invalidate
these assumptions. For example, in a ULSR section, the
converter inductor and the parasitic capacitances of the
reversed-biased bridge and output diodes, and of the open
switch, would form a parallel LC circuit that may have
significant “residual” current and voltage oscillations after
the current in the converter inductor falls to zero. As a result,
when the switch in the section is turned “on” (and depending
on the instance of time the switch is turned “on” in relation
to said oscillations), the current drawn from an AC line may
be smaller or larger than the current drawn from the AC line
when the current in, and the voltage across, the converter
inductor are zero at the beginning of a switching interval.

In addition, the output diodes in a ULSR section may not
become forward-biased at the same time after the switch is
turned “off”. As a result, there may be noticeable non-zero
CM section currents, as currents flowing in and out of a
ULSR section may not be of equal magnitude.

FIG. 38 illustrates such effects of parasitic capacitances
on the 1st section converter inductor voltage and current,
and on the line current. (The “ideal” input section current [,
is the current that would be drawn by the section in the
absence of the parasitic capacitances.) One may see in FIG.
38 that these effects cause distortions in the line current,
increasing the THD (=4% in the figure).

One may note that relative magnitude of the effects just
discussed on the AC line currents would be larger when
magnitudes of line-to-line voltages applied to ULSR sec-
tions are smaller, e.g., close to zero. In addition, when the
magnitude of the line-to-line voltage applied to a ULSR
section is relatively small, the forward voltage drops in
bridge diodes would cause a more noticeable deviation from
proportionality between the average current supplied to the
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section during a switching interval and the voltage applied
to the section during this interval, causing increase in the
THD.

One may also note that if the parasitic capacitances are
sufficiently small so that the average period of the residual
current and voltage oscillations is much smaller than the
“on” time interval At,,, then the effect of the parasitic
capacitances on the THD may be negligible. Indeed, the
magnitude of the current oscillations and the CM currents
would then be relatively small, and the voltage oscillations
would not have a significant effect on timing of the bias
change of the diodes.

To mitigate the effects of relatively large parasitic capaci-
tances, one may want (1) to ensure that the current in, and the
voltage across, converter inductors in each ULSR section are
effectively zero at the beginning (and, therefore, at the end)
of any switching interval, and (ii) to ensure that the CM
currents in each section are effectively zero.

FIG. 39 provides an example of an active “snubber” that
may be used to ensure that the current in, and the voltage
across, converter inductors in each ULSR section are effec-
tively zero at the beginning and the end of any switching
interval. In such a snubber, the value of R, may be chosen
to provide approximately critical damping for the parallel
LC circuit formed by the converter inductor and the parasitic
capacitances of the reversed-biased bridge and output
diodes, and of the open switch. Then the snubber switches
may be turned “on” for a time interval At,,,, immediately
preceding time t, (when the ULSR power switches are
turned “on”). One skilled in the art will recognize that At ,
may be close in magnitude to the average period of the
residual current and voltage oscillations.

FIG. 40 illustrates reduction of the effects of parasitic
capacitances on the inductor voltage and current, and on the
line current, by an active snubber shown in FIG. 39. In a
switching cycle, the snubber switches are turned “on” at
time t,+(AT-At,,,,,), and turned “off”” at time t,+AT, at the
end of the switching interval. Then, as one may see in FIG.
40, the magnitudes of the current and voltage oscillations
decay to effectively zero values by the beginning of the next
switching cycle, making the current drawn from the mains
closer to the “ideal” input section current and reducing the
THD (e.g., =1.9% in FIG. 40 as opposed to =4% in FIG. 38).

One may see in FIG. 40 that the CM section currents
remain unaffected by the snubber, and may note that the CM
effects are the most noticeable at small values of line-to-line
voltages. To reduce the CM section currents, one may
deploy inductive CM chokes at the outputs of the ULSR
sections, as illustrated in FIG. 41. As one may see in FIG. 42,
such chokes may effectively eliminate the CM section
currents, further reducing the THD (e.g., =0.7% in FIG. 42
as opposed to =1.9% in FIG. 40).

Note that in a ULISR the CM effects would not represent
a problem, and only active snubbers would need to be
employed to mitigate the effects of parasitic capacitances, by
ensuring effectively zero currents and voltages on both
primary and secondary sides of the flyback transformers at
the beginning and the end of any switching interval.

6.1 Further Reduction of THD in ULSR by
Introducing Coupling Among Converter Inductors

As was discussed earlier, when the magnitude of the
line-to-line voltage applied to a ULSR section is relatively
small, the forward voltage drops in bridge diodes would
cause a more noticeable deviation from proportionality
between the average current supplied to the section during a
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switching interval and the voltage applied to the section
during this interval, causing increase in the THD. To com-
pensate for such bridge voltage drops, one may introduce
small (e.g., of order 1%) intentional coupling among the
converter inductors, with the mutual polarity as indicated by
the phase dots in FIGS. 39 and 41. Such appropriately
chosen coupling may further reduce the THD and increase
ULSR efficiency.

FIG. 43 provides illustrative comparison of efficiencies
and THD of ULSR converters (P,,,.=3 kW, f_ =144 kHz,
f,=500 Hz, 115 VAC/270 VDC conversion), as functions
of output power, for ULSRs (i) without active snubber,
section CM chokes, and converter inductors coupling (line
type 1), (i1) with active snubber only (line type II), (iii) with
both active snubber and section CM chokes (line type III),
and (iv) with the snubber, CM chokes, and converter induc-
tor coupling (line type IV).

FIG. 44 provides an example of the output voltages,
currents, and powers (illustrating the current/power limit-
ing), efficiency, THD, and losses in the snubber, as functions
of the load conductance, for a ULSR with active snubber and
section CM chokes. (P,,,.=3 kW, f,, =144 kHz, £, =500 Hz,

5 Ssw

115 VAC/270 VDC conversion.)

7 Additional Comments on the Current Disclosure

A 3-phase alternate current (AC) input voltage source
may be viewed as comprising 3 AC voltage sources mutu-
ally connected to provide 3 line voltages. In the examples of
the current disclosure (see, e.g., FIGS. 1, 6, and 34 through
37), the “Y” connection configuration was typically implied,
and a different connection configuration would affect the
relevant numerical values (e.g., AC/DV voltage conversion
ratios) in the mathematical description.

As discussed in Subsection 1.1, for a given AC/DC
voltage conversion ratio the maximum “on” time interval
would need to be sufficiently smaller than the total switching
time interval, max(At,,)<D', AT (see equation (12)), to
ensure a DCM operation.

Further, for a given AC/DC voltage conversion ratio, an
output direct current (DC) power, and the total switching
time interval, the converter inductance should be sufficiently
small (see, for example, equation (15)) to ensure a DCM
operation. That is, the converter inductance should be suf-
ficiently small so that, for any switching cycle, effectively all
electrical energy stored in a converter inductor at the end of
the “on” time interval is transferred to the output storage
capacitor by the end of the total switching time interval.

The capacitance of the output storage capacitor should be
sufficiently large (e.g., C>>2AT/R,,,,), so that, for any
switching cycle, the electrical energy stored in the output
capacitor would be much larger than the energy delivered to
the load during the total switching time interval.

In reference to a flyback transformer, we may assume that
the coupling coefficient is sufficiently high, and thus assume
effective equality of the self- and magnetization inductances
for both primary and secondary windings.

In reference to an autotransformer, we would assume that
an autotransformer may be represented using two connected
in series and magnetically coupled inductors, with induc-
tances L and L', as shown in FIG. 35. Then we may refer to
L as the “primary inductor” and/or the “primary induc-
tance”. If the autotransformer is a step-up autotransformer,
the polarity of the L' inductor would be as indicated by the
phase dots in FIG. 35, and the output voltage would be given
by equation (103). If the autotransformer is a step-down
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autotransformer, then the polarity of the L' inductor would
be reversed, and the output voltage may be written as

%

out

(105)
= me[l + 7: }

where V,_ =V,-V_ is the output voltage of the “base”

ULSR (e.g., shown in FIG. 6) with the same component
values (and the converter inductor value equal to L).

REFERENCES

[1] R. Bracewell. The Fourier Transform and Its Applica-
tions, chapter “Heaviside’s Unit Step Function, H(x)”,
pages 61-65. McGraw-Hill, New York, 3rd edition, 2000.

[2] P. A. M. Dirac. The Principles of Quantum Mechanics.
Oxford University Press, London, 4th edition, 1958.

[3] J. W. Kolar and J. Miihlethaler. The essence of three-
phase PFC rectifier systems. In 2012 [EEFE 7th Interna-
tional Power Electronics and Motion Control Confer-
ence—ECCE Asia (IPEMC 2012), pages 1-178, Harbin,
China, 2-5 Jun. 2012.

Regarding the invention being thus described, it will be
obvious that the same may be varied in many ways. Such
variations are not to be regarded as a departure from the
spirit and scope of the invention, and all such modifications
as would be obvious to one skilled in the art are intended to
be included within the scope of the claims. It is to be
understood that while certain now preferred forms of this
invention have been illustrated and described, it is not
limited thereto except insofar as such limitations are
included in the following claims.

I claim:

1. A method for converting a 3-phase AC input voltage
characterized by 3 line voltages and an AC frequency into a
DC output voltage, and providing a DC electrical power to
a load characterized by a load value, comprising the steps of:

a) defining a total switching time interval, wherein said
total switching time interval is much smaller than the
inverse of said AC frequency;

b) defining an “on” time interval, wherein said “on” time
interval is smaller than said total switching time inter-
val;

¢) providing 3 converter inductors with effectively
equivalent and small inductance, wherein each con-
verter inductor is associated with a respective pair of
said line voltages;

d) providing a means to obtain full-wave rectified differ-
ences between said pairs of said line voltages;

e) applying said full-wave rectified differences across said
converter inductors for a duration of said “on” time
interval,

f) providing an output storage capacitor having a large
capacitance, wherein said output storage capacitor is
connected in parallel to said load, and wherein a
voltage across said output storage capacitor is effec-
tively equal to said DC output voltage; and

g) applying said voltage across said output storage capaci-
tor across said converter inductors, wherein said volt-
age across said storage capacitor is applied across each
of said converter inductors at the end of said “on” time
interval, and wherein said voltage across said storage
capacitor is continuously applied across each of said
respective converter inductors until effectively all elec-
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trical energy stored in each of said respective converter
inductors at the end of said “on” time interval is
transferred to said output storage capacitor.

2. The method of claim 1 wherein the ratio of said “on”
time interval and said total switching time interval is chosen
to provide said DC output voltage with a desired value.

3. The method of claim 2 wherein said total switching
time interval is effectively a constant.

4. The method of claim 2 wherein said “on” time interval
is effectively a constant.

5. The method of claim 1 wherein said 3-phase AC input
voltage is provided by a 3-phase AC voltage source, wherein
a filtering network is inserted between said 3-phase AC
voltage source and said means to obtain full-wave rectified
differences, wherein said filtering network comprises 3 line
inductors with effectively equivalent and large inductance
and 3 virtual neutral capacitors with effectively equivalent
and large capacitance, and wherein said virtual neutral
capacitors are connected to a virtual neutral point.

6. The method of claim 5 wherein the values of said large
inductance and said large capacitance are chosen to ensure
a high power factor for a desired range of said load values.

7. A method for converting a 3-phase AC input voltage
characterized by 3 line voltages and an AC frequency into a
DC output voltage, and providing a DC electrical power to
a load characterized by a load value, comprising the steps of:

a) defining a total switching time interval, wherein said
total switching time interval is much smaller than the
inverse of said AC frequency;

b) defining an “on” time interval, wherein said “on” time
interval is smaller than said total switching time inter-
val;

¢) providing 3 converter transformers having primary and
secondary windings, wherein said converter transform-
ers are effectively equivalent, wherein primary self-
inductance of said converter transformers is small, and
wherein each converter transformer is associated with
a respective pair of said line voltages;

d) providing a means to obtain full-wave rectified differ-
ences between said pairs of said line voltages;

e) applying said full-wave rectified differences across
primary windings of said converter transformers for a
duration of said “on” time interval;

f) providing an output storage capacitor having a large
capacitance, wherein said output storage capacitor is
connected in parallel to said load, and wherein a
voltage across said output storage capacitor is effec-
tively equal to said DC output voltage; and

g) applying said voltage across said output storage capaci-
tor across secondary windings of said converter trans-
formers, wherein said voltage across said storage
capacitor is applied at the end of said “on” time
interval, and wherein said voltage across said storage
capacitor is continuously applied across secondary
windings of each of said respective converter trans-
formers until effectively all electrical energy stored in
each of said respective converter transformers at the
end of said “on” time interval is transferred to said
output storage capacitor.

8. The method of claim 7 wherein the ratio of said “on”
time interval and said total switching time interval is chosen
to provide said DC output voltage with a desired value.

9. The method of claim 8 wherein said total switching
time interval is effectively a constant.

10. The method of claim 8 wherein said “on” time interval
is effectively a constant.
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11. The method of claim 7 wherein said 3-phase AC input
voltage is provided by a 3-phase AC voltage source, wherein
a filtering network is inserted between said 3-phase AC
voltage source and said means to obtain full-wave rectified
differences, wherein said filtering network comprises 3 line
inductors with effectively equivalent and large inductance
and 3 virtual neutral capacitors with effectively equivalent
and large capacitance, and wherein said virtual neutral
capacitors are connected to a virtual neutral point.

12. The method of claim 11 wherein the values of said
large inductance and said large capacitance are chosen to
ensure a high power factor for a desired range of said load
values.

13. An apparatus for converting a 3-phase AC input
voltage characterized by 3 line voltages and an AC fre-
quency into a DC output voltage, and providing a DC
electrical power to a load characterized by a load value,
comprising:

a) a means to obtain full-wave rectified differences

between said pairs of said line voltages;

b) 3 converter inductors with effectively equivalent and
small inductance, wherein each converter inductor is
associated with a respective pair of said line voltages;

¢) a means to apply said full-wave rectified differences
between said pairs of said line voltages across said
converter inductors for a duration of an “on” time
interval, wherein said “on” time interval is smaller than
a total switching time interval, and wherein said total
switching time interval is much smaller than the inverse
of said AC frequency;

d) an output storage capacitor having a large capacitance,
wherein said output storage capacitor is connected in
parallel to said load, and wherein a voltage across said
output storage capacitor is effectively equal to said DC
output voltage; and

e) ameans to apply said voltage across said output storage
capacitor across said converter inductors, wherein said
voltage across said storage capacitor is applied across
each of said converter inductors at the end of said “on”
time interval, and wherein said voltage across said
storage capacitor is continuously applied across each of
said respective converter inductors until effectively all
electrical energy stored in each of said respective
converter inductors at the end of said “on” time interval
is transferred to said output storage capacitor.

14. The apparatus of claim 13 wherein the ratio of said
“on” time interval and said total switching time interval is
chosen to provide said DC output voltage with a desired
value.

15. The apparatus of claim 14 wherein said total switching
time interval is effectively a constant.

16. The apparatus of claim 14 wherein said “on” time
interval is effectively a constant.

17. The apparatus of claim 13 wherein said 3-phase AC
input voltage is provided by a 3-phase AC voltage source,
wherein a filtering network is inserted between said 3-phase
AC voltage source and said means to obtain full-wave
rectified differences, wherein said filtering network com-
prises 3 line inductors with effectively equivalent and large
inductance 10 and 3 virtual neutral capacitors with effec-
tively equivalent and large capacitance, and wherein said
virtual neutral capacitors are connected to a virtual neutral
point.
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18. The apparatus of claim 17 wherein the values of said
large inductance and said large capacitance are chosen to
ensure a high power factor for a desired range of said load
values.

19. An apparatus for converting a 3-phase AC input
voltage characterized by 3 line voltages and an AC fre-
quency into a DC output voltage, and providing a DC
electrical power to a load characterized by a load value,
comprising:

a) a means to obtain full-wave rectified differences

between said pairs of said line voltages;

b) 3 converter transformers having primary and secondary
windings, wherein said converter transformers are
effectively equivalent, wherein primary self-inductance
of said converter transformers is small, and wherein
each converter transformer is associated with a respec-
tive pair of said line voltages;

¢) a means to apply said full-wave rectified differences
between said pairs of said line voltages across primary
windings of said converter transformers for a duration
of an “on” time interval, wherein said “on” time
interval is smaller than a total switching time interval,
and wherein said total switching time interval is much
smaller than the inverse of said AC frequency;

d) an output storage capacitor having a large capacitance,
wherein said output storage capacitor is connected in
parallel to said load, and wherein a voltage across said
output storage capacitor is effectively equal to said DC
output voltage; and

e) a means to apply said voltage across said output storage
capacitor across secondary windings of said converter
transformers, wherein said voltage across said storage
capacitor is applied across secondary windings of each
of said converter transformers at the end of said “on”
time interval, and wherein said voltage across said
storage capacitor is continuously applied across sec-
ondary windings of each of said converter transformers
until effectively all electrical energy stored in each of
said respective converter transformers at the end of said
“on” time interval is transferred to said output storage
capacitor.

20. The apparatus of claim 19 wherein the ratio of said
“on” time interval and said total switching time interval is
chosen to provide said DC output voltage with a desired
value.

21. The apparatus of claim 20 wherein said total switching
time interval is effectively a constant.

22. The apparatus of claim 20 wherein said “on” time
interval is effectively a constant.

23. The apparatus of claim 19 wherein said 3-phase AC
input voltage is provided by a 3-phase AC voltage source,
wherein a filtering network is inserted between said 3-phase
AC voltage source and said means to obtain full-wave
rectified differences, wherein said filtering network com-
prises 3 line inductors with effectively equivalent and large
inductance and 3 virtual neutral capacitors with effectively
equivalent and large capacitance, and wherein said virtual
neutral capacitors are connected to a virtual neutral point.

24. The apparatus of claim 23 wherein the values of said
large inductance and said large capacitance are chosen to
ensure a high power factor for a desired range of said load
values.



