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SYSTEM AND METHODS FOR HIGH POWER
DC/DC CONVERTER

FIELD

[0001] Embodiments of the present disclosure relate gen-
erally to electronic power regulators. More particularly,
embodiments of the present disclosure relate to electronic
DC-to-DC converters.

BACKGROUND

[0002] A DC-to-DC converter is an electronic circuit which
converts a source of direct current (DC) from one voltage
level to another. DC-to-DC converters are important in a
variety of application such as power systems and portable
electronic devices. DC-to-DC converters may also regulate
an output voltage. A step-up/boost converter is a converter
with an output DC voltage greater than its input DC voltage.
A step-down/buck converter is a converter with a DC output
voltage lower than its DC input voltage.

SUMMARY

[0003] A voltage conversion system and methods are dis-
closed. Phase-shift modulation signals are generated and
interleaved to provide interleaved phase-shift modulation sig-
nals. A plurality of full-bridge voltage converters are con-
trolled using the interleaved phase-shift modulation signals to
convert an input electrical current at an input voltage to an
output electrical current at an output voltage. In this manner,
a low voltage DC power source such as that from a fuel cell
stack or a battery is converted to a high voltage DC output.

[0004] For example, embodiments of the disclosure pro-
vide a means to integrate a low voltage power source such as
a fuel cell stack or a battery (typically about 40 to about 60
Vdc) with an aircraft electric power distribution system
where regulated dual polarity of about 270 Vdc for powering
DC loads and single polarity of about 600 to about 800 Vdc
for voltage source inverters are required.

[0005] Inanembodiment, a method for voltage conversion
generates a plurality of phase-shift modulation signals, and
interleaves the phase-shift modulation signals to provide
interleaved phase-shift modulation signals. The method fur-
ther controls a plurality of voltage converters using the inter-
leaved phase-shift modulation signals to convert an input
electrical current at an input voltage to an output electrical
current at an output voltage.

[0006] In another embodiment, a voltage conversion sys-
tem comprises a controller module, and a plurality of voltage
converters. The controller module generates phase-shift
modulation signals, and interleaves the phase-shift modula-
tion signals to provide interleaved phase-shift modulation
signals. The voltage converters are controlled using the inter-
leaved phase-shift modulation signals to convert an input
electrical current at an input voltage to an output electrical
current at an output voltage.

[0007] Inyet another embodiment, a method for providing
a voltage conversion system provides a controller module,
and provides a plurality of voltage converters. The controller
module generates a plurality of phase-shift modulation sig-
nals, and interleaves the phase-shift modulation signals to
provide interleaved phase-shift modulation signals. The volt-
age converters are controlled using the interleaved phase-
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shift modulation signals to convert an input electrical current
at an input voltage to an output electrical current at an output
voltage.

[0008] This summary is provided to introduce a selection of
concepts in a simplified form that are further described below
in the detailed description. This summary is not intended to
identify key features or essential features of the claimed sub-
jectmatter, nor is it intended to be used as an aid in determin-
ing the scope of the claimed subject matter.

BRIEF DESCRIPTION OF DRAWINGS

[0009] A more complete understanding of embodiments of
the present disclosure may be derived by referring to the
detailed description and claims when considered in conjunc-
tion with the following figures, wherein like reference num-
bers refer to similar elements throughout the figures. The
figures are provided to facilitate understanding of the disclo-
sure without limiting the breadth, scope, scale, or applicabil-
ity ofthe disclosure. The drawings are not necessarily made to
scale.

[0010] FIG. 1 is an illustration of an exemplary voltage
conversion circuit according to an embodiment of the disclo-
sure.

[0011] FIG. 2 is an illustration of an exemplary functional
block diagram of a voltage conversion system according to an
embodiment of the disclosure.

[0012] FIG. 3 is an illustration of an exemplary flowchart
showing a voltage conversion process according to an
embodiment of the disclosure.

[0013] FIG. 4 is an illustration of an exemplary flowchart
showing a process for providing a voltage conversion system
according to an embodiment of the disclosure.

DETAILED DESCRIPTION

[0014] The following detailed description is exemplary in
nature and is not intended to limit the disclosure or the appli-
cation and uses of the embodiments of the disclosure.
Descriptions of specific devices, techniques, and applications
are provided only as examples. Modifications to the examples
described herein will be readily apparent to those of ordinary
skill in the art, and the general principles defined herein may
be applied to other examples and applications without depart-
ing from the spirit and scope of the disclosure. The present
disclosure should be accorded scope consistent with the
claims, and not limited to the examples described and shown
herein.

[0015] Embodiments of the disclosure may be described
herein in terms of functional and/or logical block components
and various processing steps. It should be appreciated that
such block components may be realized by any number of
hardware, software, and/or firmware components configured
to perform the specified functions. For the sake of brevity,
conventional techniques and components related to full
bridge converters, transformers, low pass filters, and other
functional aspects of systems described herein (and the indi-
vidual operating components of the systems) may not be
described in detail herein. In addition, those skilled in the art
will appreciate that embodiments of the present disclosure
may be practiced in conjunction with a variety of hardware
and software, and that the embodiments described herein are
merely example embodiments of the disclosure.

[0016] Embodiments of the disclosure are described herein
in the context of a practical non-limiting application, namely,
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DC-t0-DC conversion for high power aircraft applications.
Embodiments of the disclosure, however, are not limited to
such aircraft or DC-t0-DC conversion applications, and the
techniques described herein may also be utilized in other
applications. For example but without limitation, embodi-
ments may be applicable to AC-to-DC conversion, DC-to-AC
conversion, AC-to-AC conversion, or other conversion.
[0017] As would be apparent to one of ordinary skill in the
art after reading this description, the following are examples
and embodiments of the disclosure and are not limited to
operating in accordance with these examples. Other embodi-
ments may be utilized and structural changes may be made
without departing from the scope of the exemplary embodi-
ments of the present disclosure.

[0018] Embodiments of the disclosure provide, for
example, a means to integrate a low voltage power source
(e.g., about 40 to about 60 Vdc) with an aircraft electric power
distribution system where regulated dual polarity of about
270 Vdce for powering DC loads and single polarity of about
600 to about 800 Vdc for voltage source inverters are
required. A high conversion ratio from the low voltage (e.g.,
about 40 Vdc) to a high voltage (e.g., about 800 Vdc) may be
accomplished at a high power (e.g., greater than about 1 kW).
The low voltage power source may comprise, for example but
without limitation, a fuel cell stack, a solar array, a battery, or
other power source.

[0019] Inoneembodiment, a high power DC-to-DC device
and method for generating dual polarity of about 270 Vde,
and/or single polarity of about 600 to about 800 Vdc from a
low voltage DC source such as a fuel cell stack or a battery is
disclosed. The high power DC-to-DC architecture provides a
topology, e.g. 4-phase interleaved full bridge converters, with
controllable phase shifts among the 4 full-bridge converters,
coupled with 4 transformers/rectifiers of series-connected
output.

[0020] FIG. 1 is an illustration of an exemplary voltage
conversion circuit (converter 100) according to an embodi-
ment of the disclosure. Four substantially identical voltage
converters (Phase A, B, C, D) each comprise a full bridge
converter connected to a transformer. The converter 100 com-
prises a Phase A voltage converter, a Phase B voltage con-
verter, a Phase C voltage converter, and a Phase D voltage
converter configured such that all of their inputs are con-
nected to a DC power source 102. The Phase A voltage
converter comprises a first full bridge converter 128, a first
transformer 122, a first rectifier 152 and a first low pass filter
120. The Phase B voltage converter comprises a second full
bridge converter 126, a second transformer 124, a second
rectifier 154, and the first low pass filter 120. In this manner,
Phase A and Phase B share the first low pass filter 120;
however, in other embodiments each phase may comprise a
low pass filter. The Phase C voltage converter comprises a
third full bridge converter 138, a third transformer 132, a third
rectifier 156, and a second low pass filter 130. The Phase D
voltage converter comprises a fourth full bridge converter
136, a fourth transformer 134, a fourth rectifier 158, and the
second low pass filter 130. In this manner, Phase C and Phase
D share the second low pass filter 130; however, in other
embodiments each phase may comprise a low pass filter.
[0021] The first full bridge converter 128 comprises an
electronic circuit operable to enable conversion of a converter
input voltage 160 from the DC source 102, to enable an output
voltage to be applied across the first transformer 122 as either
apositive or a negative voltage, and to enable a phase A output
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current 142 converted from the DC source 102 to be sent
through the first transformer 122 as either a positive or a
negative current. Closing switch Q1 and switch Q4 allows the
phase A output current 142 to be sent through the first trans-
former 122 as a positive current. Closing switch Q2 and
switch Q3 allows the phase A output current 142 to be sent
through the first transformer 122 as a negative current. The
first full bridge converter 128 operates at a first phase (Phase
A).

[0022] The second full bridge converter 126 comprises an
electronic circuit operable to enable conversion of the con-
verter input voltage 160 from the DC source 102, to enable an
output voltage to be applied across the second transformer
124 as either a positive or a negative voltage, and to enable a
phase B output current 144 converted from the DC source 102
to be sent through the second transformer 124 as either a
positive or a negative current. The second full bridge con-
verter 126 operates at a second phase (Phase B). The Phase B
may comprise, for example but without limitation, an about
90 degree phase shift from Phase A, an about 180 degree
phase shift from Phase A, or other suitable phase shift.
[0023] As those of ordinary skill in the art would under-
stand, a phase shift may comprise a phase of a signal offset in
phase from another signal. For example, circuits of Phase B
may be controlled with signals modulated with a phase offset
about 90 degrees from Phase A.

[0024] The third full bridge converter 138 comprises an
electronic circuit operable to enable conversion of the con-
verter input voltage 160 from the DC source 102, to enable an
output voltage to be applied across the third transformer 132
as either a positive or a negative voltage, and to enable a phase
C output current 146 converted from the DC source 102 to be
sent through the third transformer 132 as either a positive or
a negative current. The third full bridge converter 138 oper-
ates ata third phase (Phase C). The phase C may comprise, for
example but without limitation, an about 45 degree phase
shift from Phase A, an about 90 degree phase shift from Phase
A, or other suitable phase shift.

[0025] The fourth full bridge converter 136 comprises an
electronic circuit operable to enable conversion of the con-
verter input voltage 160 from the DC source 102, to enable an
output voltage to be applied across the fourth transformer 134
as either a positive or a negative voltage, and to enable a phase
D output current 148 converted from the DC source 102 to be
sent through the fourth transformer 134 as either a positive or
a negative current. The fourth full bridge converter 136 oper-
ates at a fourth phase (Phase D). The Phase D may comprise,
for example but without limitation, an about 135 degree phase
shift from Phase A, an about 270 degree phase shift from
Phase A, or other suitable phase shift.

[0026] The first transformer 122, the second transformer
124, the third transformer 132, and the fourth transformer 134
are each operable to transform a first AC voltage of a first AC
current (e.g., the phase A output current 142, the phase B
output current 144, the phase C output current 146, and the
phase D output current 148 respectively) to a second AC
voltage at a ratio of, for example but without limitation,
1-to-6, 3-to-1, or other suitable transformer ratio.

[0027] Inthe embodiment showninFIG. 1, the first rectifier
152, the second rectifier 154, the third rectifier 156, and the
fourth rectifier 158 each comprise a full-wave rectifier. Alter-
natively, the first rectifier 152, the second rectifier 154, the
third rectifier 156, and the fourth rectifier 158 may each
comprise, for example but without limitation, a transformer
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center-tapped rectifier, a bridge rectifiers, or other suitable
rectifier. The first rectifier 152 is operable to DC rectify an AC
output of the first transformer 122. The second rectifier 154 is
operable to DC rectify an AC output of the second trans-
former 124. The third rectifier 156 is operable to DC rectify an
AC output of the third transformer 132. The fourth rectifier
158 is operable to DC rectify an AC output of the fourth
transformer 134.

[0028] The first low pass filter 120 and the second low pass
filter 130 may each comprise, for example but without limi-
tation, an RC filter, an RLC filter, or other suitable low-pass
filter. The first low pass filter 120 is operable to smooth an
output of the first rectifier 152 in series with the second
rectifier 154. The second low pass filter 130 is operable to
smooth an output of the third rectifier 156 in series with the
fourth rectifier 158.

[0029] Phases A and B and their respective transformers
122/124 and rectifiers 152/154 comprise an upper arm E of
the converter 100, and Phases C and D and their respective
transformers 132/134 and rectifiers 156/158 comprise a lower
arm F of the converter 100.

[0030] Phases A and B are connected in series such that the
converter 100 produces +270 Vdc at the upper arm E (refer-
enced to N). Phases C and D are connected in series such that
the converter 100 produces —-270 Vdc at the lower arm F
(referenced to N). The +270 VDC and -270 VDC outputs are
obtained after rectification. A series connection of arms E and
F allows the converter 100 to produce 540~800 Vdc through
a phase-shift modulation of full bridge converters. When
Phase B is 90 degree lagging to Phase A in the upper arm, (so
is Phase D to Phase C in the lower arm), and Phase C is 45
degree lagging to Phase A, the minimum input current ripple
is achieved. In this manner an interleaved operation Mode 1 is
achieved.

[0031] Phase B lagging Phase A (Phase D to Phase C) may
be changed from 90 degree to 180 degree, and Phase C lag-
ging to Phase A (Phase D to Phase B) may be changed from
about 45 degree to about 90 degree. At about 180 degree
lagging between Phase B and Phase A, and about 90 degree
lagging between Phase C and Phase A, an interleaved opera-
tion Mode 2 is achieved. The converter 100 input current
ripple is 2 times smaller compared to that of a single full
bridge converter. In general, the converter 100 input current
ripple and output voltage ripple are the functions of interleav-
ing angles of 4 full-bridge converters.

[0032] Embodiments of the disclosure provide an architec-
ture that uses an interleaved 4-phase full bridge converter
coupled with transformers/rectifiers to produce about +270
Vdc output voltage, and uses phase-shift modulation to pro-
duce up to about 800 Vdc output voltage from a source of
variable low voltage from about 40 to about 60 Vdc. The
outputs of the converter 100 can either distribute about +270
Vdc for common aircraft DC loads or about 600 about 800
Vdc for common aircraft voltage source inverters.

[0033] FIG. 2 is an illustration of an exemplary functional
block diagram of a voltage conversion system (system 200)
according to an embodiment of the disclosure. A practical
system 200 may comprise any number of input modules, any
number of processor modules, any number of memory mod-
ules, and any number of other modules. The illustrated system
200 depicts a simple embodiment for ease of description.
These and other elements of the system 200 are intercon-
nected together, allowing communication between the vari-
ous elements of system 200. In one embodiment, these and
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other elements of the system 200 may be interconnected
together via a coupling circuit 228. Those of skill in the art
will understand that the various illustrative blocks, modules,
circuits, and processing logic described in connection with
the embodiments disclosed herein may be implemented in
hardware, computer-readable software, firmware, or any
practical combination thereof.

[0034] Toillustrate clearly this interchangeability and com-
patibility of hardware, firmware, and software, various illus-
trative components, blocks, modules, circuits, and steps are
described generally in terms of their functionality. Whether
such functionality is implemented as hardware, firmware, or
software depends upon the particular application and design
constraints imposed on the overall system. Those familiar
with the concepts described herein may implement such func-
tionality in a suitable manner for each particular application,
but such implementation decisions should not be interpreted
as causing a departure from the scope of the present disclo-
sure.

[0035] The system 200 may have functions, material, and
structures that are similar to the embodiments shown in FIG.
1. Therefore, common features, functions, and elements may
not be redundantly described here.

[0036] The system 200 may comprise any number of volt-
age converters 1-N such as a voltage converter-1 202 and a
voltage converter-N 216 (Nth voltage converter), the cou-
pling circuit 228, and a control module 224. N may be an
integer greater than 1. Higher values of N can be selected to
achieve a higher voltage and power level by coupling more
phases thereby achieving even smaller ripples at input side as
well as at output side.

[0037] The voltage converters 1-N (202 to 216) are oper-
able to convert an input voltage of a DC source 226 to an
output voltage at output 232. The voltage converters 1-N may
each comprise, for example but without limitation, a full
bridge converter 204/210, a transformer 206/212, a rectifier
238/240, a low pass filter 208/214, or other suitable circuit
components.

[0038] For example, in one embodiment, the voltage con-
verters 1-N may comprise four full bridge converters similar
to the embodiment shown in the converter 100 of FIG. 1. In
this case, the voltage converters 1-N comprise a structure
wherein four full bridge converters 128/126/138/136 are
coupled to a same source (DC source 102) at their inputs.
Each ofthe full bridge converters 128/126/138/136 is coupled
to each of the transformers 122/124/126/128 respectively,
which is then connected to each of the rectifiers 152/154/156/
158 respectively. The rectifiers 152/154/156/158 are con-
nected in series through a center-tap of the transformers 122/
124/126/128.

[0039] Alternatively, the voltage converters 1-N may be
coupled in various ways to obtain high DC voltage, for
example but without limitation, if a number of the full bridge
converters 204/210 is more than 4 (e.g., N>4), then a series
connection of outputs of more than 2 rectifiers may be accom-
plished. Furthermore, each embodiment can be expanded to a
higher voltage and power level by coupling more phases and
increasing N, which can achieve even smaller ripples at an
input side as well as at an output side.

[0040] The coupling circuit 228 is operable to couple the
voltage converters 1-N to one-another. The voltage converters
1-N may be coupled by the coupling circuit 228 in, for
example but without limitation, series, parallel, a mixture of
series and parallel, or other coupling configuration. The cou-
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pling circuit 228 may comprise zero or more low pass filters
230 operable to, for example but without limitation, smooth a
ripple between stages of the voltage converters 1-N. In order
to output a regulated DC voltage, one or more of the low pass
filters 208/214/230 may be necessary.

[0041] The control module 224 comprises control logic 220
and memory logic 222. The control module 224 is operable to
generate phase control signals for controlling the voltage
converters 1-N. The control module 224 may perform, for
example but without limitation, sequential gate signal gen-
eration for transistors (e.g. Q1, Q2, Q3, Q4 in FIG. 1), phase-
shift modulation control for each full bridge converter (e.g.,
128/126/138/136 in FIG. 1) to achieve different output volt-
ages, control phase interleaving to achieve minimum ripple
size, and other suitable control functions.

[0042] The control logic 220 comprises processing logic
that is configured to carry out the functions, techniques, and
processing tasks associated with the operation of the system
200. In particular, the processing logic is configured to sup-
port the system 200 described herein. The control logic 220
may be implemented, or realized, with a general purpose
processor, a content addressable memory, a digital signal
processor, an application specific integrated circuit, a field
programmable gate array, any suitable programmable logic
device, discrete gate or transistor logic, discrete hardware
components, or any combination thereof, designed to per-
form the functions described herein. In this manner, a proces-
sor may be realized as a microprocessor, a controller, a micro-
controller, a state machine, or the like.

[0043] A processor may also be implemented as a combi-
nation of computing devices, e.g., a combination of a digital
signal processor and a microprocessor, a plurality of micro-
processors, one or more microprocessors in conjunction with
a digital signal processor core, or any other such configura-
tion.

[0044] The memory logic 222 may comprise a data storage
area with memory formatted to support the operation of the
system 200. The memory logic 222 is configured to store,
maintain, and provide data as needed to support the function-
ality of the system 200. For example, the memory logic 222
may store phase shift values, time intervals, voltage values, or
other data.

[0045] In practical embodiments, the memory logic 222
may comprise, for example but without limitation, a non-
volatile storage device (non-volatile semiconductor memory,
hard disk device, optical disk device, and the like), a random
access storage device (for example, SRAM, DRAM), or any
other form of storage medium known in the art.

[0046] The memory logic 222 may be coupled to the con-
trol logic 220 and configured to store, for example but without
limitation, a database, a computer program that is executed by
the control logic 220, an operating system, an application
program, tentative data used in executing a program, or other
application. Additionally, the memory logic 222 may repre-
sent a dynamically updating database containing a table for
updating the database.

[0047] The memory logic 222 may be coupled to the con-
trol logic 220 such that the control logic 220 can read infor-
mation from and write information to the memory logic 222.
For example, as mentioned above, the control logic 220 may
access the memory logic 222 to access the phase shift values,
time intervals, voltage values, and other data.

[0048] As an example, the control logic 220 and memory
logic 222 may reside in respective application specific inte-
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grated circuits (ASICs). The memory logic 222 may also be
integrated into the control logic 220. In an embodiment, the
memory logic 222 may comprise a cache memory for storing
temporary variables or other intermediate information during
execution of instructions to be executed by the control logic
220.

[0049] FIG. 3 is an illustration of an exemplary flowchart
showing a voltage conversion process 300 according to an
embodiment of the disclosure. The various tasks performed in
connection with the process 300 may be performed mechani-
cally, by software, hardware, firmware, a computer-readable
medium having computer executable instructions for per-
forming the processes methods, or any combination thereof.
[0050] It should be appreciated that process 300 may
include any number of additional or alternative tasks, the
tasks shown in FIG. 3 need not be performed in the illustrated
order, and the process 300 may be incorporated into a more
comprehensive procedure or process having additional func-
tionality not described in detail herein. For illustrative pur-
poses, the following description of process 300 may refer to
elements mentioned above in connection with FIGS. 1-2.
[0051] In practical embodiments, portions of the process
300 may be performed by different elements of the system
200 such as: the voltage converter-1 202, the voltage con-
verter-N 216, the coupling circuit 228, and the control module
224, etc. Process 300 may have functions, material, and struc-
tures that are similar to the embodiments shown in FIGS. 1-2.
Therefore, common features, functions, and elements may
not be redundantly described here.

[0052] Process 300 may begin by generating a plurality of
phase-shift modulation signals (task 302). A phase-shift
modulation signal may be provided to achieve different out-
put voltage levels according to a load requirement, or achieve
a steady level of an output voltage with a varying input volt-
age.

[0053] Process 300 may continue by interleaving the
phase-shift modulation signals to provide interleaved phase-
shift modulation signals (task 304). The interleaved phase-
shift modulation signals may be used to achieve a required
output voltage and current ripple size.

[0054] Process 300 may continue by controlling a plurality
of voltage converters such as the voltage converters 202/216
using the interleaved phase-shift modulation signals to con-
vert an input electrical current at an input voltage to an output
electrical current at an output voltage (task 306). The voltage
converters 202/216 may each comprise a full bridge converter
204/210, a transformer 206/212, and a rectifier 238/240. The
full-bridge converter 204/210 is coupled to at least one of the
phase-shift modulation signals and the input electrical cur-
rent, and is operable to convert the input electrical current to
a first AC electrical current. The transformer 206/212 is
coupled to the full bridge converter, and is operable to convert
a first voltage of the first AC electrical current to a second
voltage of a second AC electrical current. The rectifier 238/
240 is coupled to the transformer, and is operable to convert
the second AC electrical current to a DC output current. The
outputs of the voltage converters 202/216 may be coupled, for
example but without limitation, in series, in parallel, or other
suitable configuration.

[0055] Process 300 may continue by configuring the inter-
leaved phase-shift modulation signals to reduce a current
ripple of the input electrical current (task 308). The inter-
leaved phase-shift modulation signals may be configured to
be interleaved at various interleaving angles, for example but
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without limitation, about 45 degrees, about 90 degrees, about
135 degrees, about 180 degrees, or other interleaving angle
suitable to reduce the source input current ripple and/or to
smooth transformer output voltages for a given application or
device. For example, the interleaving angles may be selected
such that the interleaved operation Mode 1 or the interleaved
operation Mode 2, as explained above, is achieved. The
operation Mode 1 may have about 50% less input current
ripple compared to the operation Mode 2, and the ripple
frequency may be doubled as well.

[0056] Process 300 may continue by reducing the current
ripple of the input electrical current using the interleaved
phase-shift modulation signals (task 310).

[0057] Process 300 may continue by configuring the inter-
leaved phase-shift modulation signals to reduce a voltage
ripple of the output voltage (task 312).

[0058] Process 300 may continue by reducing the voltage
ripple of the output voltage using the interleaved phase-shift
modulation signals (task 314).

[0059] Process 300 may continue by low pass filtering an
output of at least one of the voltage converters (task 316).
[0060] Process 300 may continue by controlling an output
voltage level of the output voltage using phase-shift modula-
tion of the phase-shift modulation signals (task 318).

[0061] Process 300 may continue by controlling the output
electrical current and the output voltage by deactivating at
least one of the voltage converters (task 320). For example, in
reference to FIG. 1, if the DC output 104 has a positive pole
112 of about +270V relative to a neutral N 114, and a negative
pole116 ofabout -270V relative to the neutral N 114, then the
DC output 104 may be set to only the positive pole 112 of
about +270V by deactivating the Phase C voltage converter
and the Phase D voltage converter.

[0062] FIG. 4 is an illustration of an exemplary flowchart
showing a process 400 for providing a voltage conversion
system according to an embodiment of the disclosure. The
various tasks performed in connection with process 400 may
be performed mechanically, by software, hardware, firm-
ware, a computer-readable medium having computer execut-
able instructions for performing the processes, methods, or
any combination thereof. For illustrative purposes, the fol-
lowing description of the process 400 may refer to elements
mentioned above in connection with FIGS. 1-2.

[0063] It should be appreciated that the process 400 may
include any number of additional or alternative tasks, the
tasks shown in FIG. 4 need not be performed in the illustrated
order, and the process 400 may be incorporated into a more
comprehensive procedure or process having additional func-
tionality not described in detail herein. In practical embodi-
ments, portions of the process 400 may be performed by
different elements of the system 200 such as: the voltage
converter-1 202, the voltage converter-N 216, the coupling
circuit 228, and the control module 224, etc. Process 400 may
have functions, material, and structures that are similar to the
embodiments shown in FIGS. 1-2. Therefore, common fea-
tures, functions, and elements may not be redundantly
described here.

[0064] Process 400 may begin by providing a controller
module operable to generate a plurality of phase-shift modu-
lation signals, and interleave the phase-shift modulation sig-
nals to provide interleaved phase-shift modulation signals
(task 402).

[0065] Process 400 may continue by providing a plurality
of voltage converters controlled using the interleaved phase-
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shift modulation signals, and operable to convert an input
electrical current at an input voltage to an output electrical
current at an output voltage (task 404).

[0066] Process 400 may continue by providing a full bridge
converter coupled to at least one of the phase-shift modula-
tion signals and the input electrical current, and operable to
convert the input electrical current to a first AC electrical
current (task 406).

[0067] Process 400 may continue by providing a trans-
former coupled to the full bridge converter, and operable to
convert a first voltage of the first AC electrical current to a
second voltage of a second AC electrical current (task 408).
[0068] Process 400 may continue by providing a rectifier
coupled to the transformer, and operable to convert the second
AC electrical current to a DC output current (task 410).
[0069] Process 400 may continue by providing a low pass
filter coupled to an output of at least one of the voltage
converters, and operable to low pass filter the output (task
412).

[0070] Process 400 may continue by coupling outputs of
the voltage converters in series (task 414).

[0071] In this manner, embodiments of the disclosure pro-
vide a means to integrate a low voltage power source with an
electric power distribution system such as an aircraft power
distribution system, where regulated dual polarity for power-
ing DC loads and single polarity for voltage source inverters
are required.

[0072] Compared to existing converters, the 4-phase full
bridge phase-shift-modulation converter according to
embodiments of disclosure yields: Smaller input current
ripple for fuel cell protection: 4 full bridge converters are
interleaved at 45 degrees, the primary DC source (e.g., fuel
cell) sees 4 times switching frequency current ripple (peak to
peakripple is at least 4 times smaller) compared to an existing
solution using only one full bridge converter. Therefore, an
input current ripple is reduced significantly.

[0073] Also, compared to a general power converter, a
smaller input/output filter size of an interleaved converter
architecture according to embodiments of disclosure reduces
input stage and output stage capacitor Root Mean Square
(RMS) current. Additionally, reduced Electro Magnetic inter-
ference (EMI) filtering stage size of an interleaved converter
architecture according to embodiments of disclosure reduces
output current and voltage ripple thus reducing EMI filtering
requirements. Further, embodiments of an interleaved con-
verter architecture described herein reduce semiconductor
device stress by sharing power through 4 phases.

[0074] In this document, the terms “computer program
product”, “computer-readable medium”, “computer readable
storage medium”, and the like may be used generally to refer
to media such as, for example, memory, storage devices, or
storage unit. These and other forms of computer-readable
media may be involved in storing one or more instructions for
use by the control module 224 to cause the control module
224 to perform specified operations. Such instructions, gen-
erally referred to as “computer program code” or “program
code” (which may be grouped in the form of computer pro-
grams or other groupings), when executed, enable power
utilization scheduling methods of the system 200.

[0075] The above description refers to elements or nodes or
features being “connected” or “coupled” together. As used
herein, unless expressly stated otherwise, “connected” means
that one element/node/feature is directly joined to (or directly
communicates with) another element/node/feature, and not
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necessarily mechanically. Likewise, unless expressly stated
otherwise, “coupled” means that one element/node/feature is
directly or indirectly joined to (or directly or indirectly com-
municates with) another element/node/feature, and not nec-
essarily mechanically. Thus, although FIGS. 1-4 depict
example arrangements of elements, additional intervening
elements, devices, features, or components may be present in
an embodiment of the disclosure.

[0076] Terms and phrases used in this document, and varia-
tions thereof, unless otherwise expressly stated, should be
construed as open ended as opposed to limiting. As examples
of the foregoing: the term “including” should be read as
meaning “including, without limitation” or the like; the term
“example” is used to provide exemplary instances of the item
in discussion, not an exhaustive or limiting list thereof; and
adjectives such as “conventional,” “traditional,” “normal,”
“standard,” “known” and terms of similar meaning should not
be construed as limiting the item described to a given time
period or to an item available as of a given time, but instead
should be read to encompass conventional, traditional, nor-
mal, or standard technologies that may be available or known
now or at any time in the future.

[0077] Likewise, a group of items linked with the conjunc-
tion “and” should not be read as requiring that each and every
one of those items be present in the grouping, but rather
should be read as “and/or” unless expressly stated otherwise.
Similarly, a group of items linked with the conjunction “or”
should not be read as requiring mutual exclusivity among that
group, but rather should also be read as “and/or” unless
expressly stated otherwise. Furthermore, although items, ele-
ments or components of the disclosure may be described or
claimed in the singular, the plural is contemplated to be within
the scope thereofunless limitation to the singular is explicitly
stated. The presence of broadening words and phrases such as
“one or more,” “at least,” “but not limited to” or other like
phrases in some instances shall not be read to mean that the
narrower case is intended or required in instances where such
broadening phrases may be absent.

[0078] As used herein, unless expressly stated otherwise,
“operable” means able to be used, fit or ready for use or
service, usable for a specific purpose, and capable of perform-
ing a recited or desired function described herein. In relation
to systems and devices, the term “operable” means the system
and/or the device is fully functional and calibrated, comprises
elements for, and meets applicable operability requirements
to perform a recited function when activated. In relation to
systems and circuits, the term “operable” means the system
and/or the circuit is fully functional and calibrated, comprises
logic for, and meets applicable operability requirements to
perform a recited function when activated.

1. A method for voltage conversion, the method compris-
ing:
generating a plurality of phase-shift modulation signals;

interleaving the phase-shift modulation signals to provide
interleaved phase-shift modulation signals; and

controlling a plurality of voltage converters using the inter-
leaved phase-shift modulation signals to convert an
input electrical current at an input voltage to an output
electrical current at an output voltage.
2. The method according to claim 1, further comprising
configuring the interleaved phase-shift modulation signals to
reduce a current ripple of the input electrical current.
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3. The method according to claim 2, further comprising
reducing the current ripple of the input electrical current
using the interleaved phase-shift modulation signals.

4. The method according to claim 1, further comprising
configuring the interleaved phase-shift modulation signals to
reduce a voltage ripple of the output voltage.

5. The method according to claim 4, further comprising
reducing the voltage ripple of the output voltage using the
interleaved phase-shift modulation signals.

6. The method according to claim 1, wherein the voltage
converters each comprise:

a full bridge converter coupled to at least one of the phase-

shift modulation signals and the input electrical current,
and operable to convert the input electrical current to a
first AC electrical current;

a transformer coupled to the full bridge converter, and
operable to convert a first voltage of the first AC electri-
cal current to a second voltage of a second AC electrical
current; and

a rectifier coupled to the transformer, and operable to con-
vert the second AC electrical current to a DC output
current.

7. The method according to claim 1, further comprising
low pass filtering an output of at least one of the voltage
converters.

8. The method according to claim 1, further comprising
controlling an output voltage level of the output voltage using
phase-shift modulation of the phase-shift modulation signals.

9. The method according to claim 1, further comprising
controlling the output electrical current and the output volt-
age by deactivating at least one of the voltage converters.

10. A voltage conversion system comprising:

a controller module operable to:
generate a plurality of phase-shift modulation signals;

and
interleave the phase-shift modulation signals to provide
interleaved phase-shift modulation signals; and

a plurality of voltage converters controlled using the inter-
leaved phase-shift modulation signals, and operable to
convert an input electrical current at an input voltage to
an output electrical current at an output voltage.

11. The voltage conversion system according to claim 10,
wherein the controller module is further operable to configure
the interleaved phase-shift modulation signals to reduce a
current ripple of the input electrical current.

12. The voltage conversion system according to claim 10,
wherein the controller module is further operable to configure
the interleaved phase-shift modulation signals to reduce a
voltage ripple of the output voltage.

13. The voltage conversion system according to claim 10,
wherein the controller module is further operable to configure
the interleaved phase-shift modulation signals to control the
output electrical current and the output voltage by deactivat-
ing at least one of the voltage converters.

14. The voltage conversion system according to claim 10,
wherein the voltage converters each comprise:

a full bridge converter coupled to at least one of the phase-

shift modulation signals and the input electrical current,
and operable to convert the input electrical current to a
first AC electrical current;

a transformer coupled to the full bridge converter, and
operable to convert a first voltage of the first AC electri-
cal current to a second voltage of a second AC electrical
current; and
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arectifier coupled to the transformer, and operable to con-
vert the second AC electrical current to a DC output
current.

15. The voltage conversion system according to claim 10,
further comprising a low pass filter coupled to an output of at
least one of the voltage converters, and operable to low pass
filter the output.

16. The voltage conversion system according to claim 10,
wherein outputs of the voltage converters are coupled in
series.

17. A method for providing a voltage conversion system,
the method comprising:

providing a controller module operable to:

generate a plurality of phase-shift modulation signals;
and

interleave the phase-shift modulation signals to provide
interleaved phase-shift modulation signals; and

providing a plurality of voltage converters controlled using

the interleaved phase-shift modulation signals, and

operable to convert an input electrical current at an input

voltage to an output electrical current at an output volt-

age.
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18. The method according to claim 17, wherein the step of
providing the voltage converters further comprises:

providing a full bridge converter coupled to at least one of

the phase-shift modulation signals and the input electri-
cal current, and operable to convert the input electrical
current to a first AC electrical current;

providing a transformer coupled to the full bridge con-

verter, and operable to convert a first voltage of the first
AC electrical current to a second voltage of a second AC
electrical current; and

providing a rectifier coupled to the transformer, and oper-

able to convert the second AC electrical current to a DC
output current.

19. The method according to claim 17, further comprising
providing a low pass filter coupled to an output of at least one
of the voltage converters, and operable to low pass filter the
output.

20. The method according to claim 17, further comprising
coupling outputs of the voltage converters in series.



