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(57) ABSTRACT 

A controller controls power between a source and a load 
with a link capacitor. (a) A switch vector is selected based on 
load and source values, a capacitor voltage value, and a 
switch state selection mode. The switch vector identifies an 
on or off configuration for load and source switches during 
a subcycle that allow or do not allow current flow between 
the link capacitor and the load switch or source switch. (b) 
The state of the load and source switches is controlled in the 
on configuration or in the off configuration based on the 
selected switch vector. ( c) It is determined that it is time to 
select a next switch vector. (a) to (c) are repeated for each 
subcycle of the determined number of switching subcycles. 
At least one load switch and at least one source switch are 
simultaneously in the on configuration during at least one 
subcycle. 

20 Claims, 18 Drawing Sheets 
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CONVERTER CONTROL WITH REDUCED 
LINK CAPACITOR 

BACKGROUND 

2 
at least one source switch are simultaneously in the on 
configuration during at least one subcycle. 

In another example embodiment, a controller is provided. 
The controller includes, but is not limited to, a processor and 

A converter is an electrical device for converting electri-
5 the computer-readable medium having stored thereon com

puter-readable instructions that when executed by a com
puting device, cause the computing device to control the 
transfer of energy between the source and the load with the 
reduced link capacitor. 

10 In yet another example embodiment, a device is provided. 

cal energy from one form to another, such as between 
alternating current (AC) and direct current (DC), between 
different voltages or frequencies, or a combination of these. 
Three-phase electric power requires the use of power con
verters to control the flow of electric energy by supplying 
voltages and currents in a form that is optimally suited for 
the load. Conventional three-phase AC converter topologies 
use an intermediate capacitive DC link. To synthesize a 
sinusoidal output, sinusoidal pulse width modulation is 15 

typically used, and a stiff voltage is maintained across a DC 
link capacitor, which means essentially a constant voltage. 
The pulse width modulation approach defines a duty ratio of 
the interconnecting switches as a linear function of the ratio 
of the time varying AC output and the stiff voltage. In the 20 

case of inverters, rectifiers, and frequency converters, the 
DC link capacitor is sized to store enough energy to maintain 
several tens of cycles of the AC quantity at the rated power, 
which requires the use of large capacitors, commonly 
referred to as 'bulk' capacitors, and which tend to dominate 25 

the weight and volume of most converter technologies. 

SUMMARY 

In an example embodiment, a computer-readable medium 30 

is provided having stored thereon computer-readable 
instructions that when executed by a computing device, 
cause the computing device to control a transfer of energy 
between a source and a load with a reduced link capacitor. 
A time period value of a switching period is received. A 35 

number of switching subcycles is determined during the 
switching period. A load voltage value and a load current 
value for a load circuit is received. The load circuit is either 

The converter device includes, but is not limited to, a link 
capacitor, a source switch, a load switch, and the controller. 

Other principal features of the disclosed subject matter 
will become apparent to those skilled in the art upon review 
of the following drawings, the detailed description, and the 
appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Illustrative embodiments of the disclosed subject matter 
will hereafter be described referring to the accompanying 
drawings, wherein like numerals denote like elements. 

FIG. 1 is a block diagram of an energy transfer system in 
accordance with an illustrative embodiment. 

FIG. 2 is a schematic diagram of part of a converter of the 
energy transfer system of FIG. 1 in accordance with an 
illustrative embodiment. 

FIG. 3 is a switch-diode circuit of the converter of FIG. 
2 in accordance with an illustrative embodiment. 

FIGS. 4A and 4B show a capacitor voltage across a link 
capacitor of the energy transfer system of FIG. 1 as a 
function of time for two switching periods in accordance 
with an illustrative embodiment. 

FIG. 5 is a schematic diagram of a first energy transfer 
system in accordance with an illustrative embodiment. 

FIG. 6 is a simplified schematic diagram of the first 
energy transfer system of FIG. 5 in accordance with an 
illustrative embodiment. 

FIG. 7 shows a three-phase balanced set of sinusoidal 
voltage waveforms in accordance with an illustrative 
embodiment. 

a direct current (DC) load circuit or an alternating current 
(AC) load circuit having a number of load phases. A load 40 

switch is connected to the DC load circuit or to each load 
phase of the load phases of the AC load circuit. A source 
voltage value and a source current value for a source circuit FIG. 8 shows a three-phase balanced set of sinusoidal 

current waveforms in accordance with an illustrative 
45 embodiment. 

is received. The source circuit is either a DC source circuit 
or an AC source circuit having a number of source phases. 
A source switch is connected to the DC source circuit or to 
each source phase of the source phases of the AC source 
circuit. A capacitor voltage value of a voltage across a 
capacitor connected in parallel across the source switch and 
the load switch is received. 

(a) A switch vector is selected based on the received load 
voltage value, the received load current value, the received 
source voltage value, the received source current value, the 
received capacitor voltage value, and a predefined switch 
state selection mode. The switch vector identifies a state 
associated with each load switch and with each source 
switch during a subcycle. The state defines an on configu
ration or an off configuration. The on configuration allows a 
current to flow between the capacitor and the load switch or 
the source switch, and the off configuration does not allow 
the current to flow between the capacitor and the load switch 
or the source switch. (b) The state of each load switch and 
each source switch is controlled in the on configuration or in 
the off configuration based on the selected switch vector. ( c) 
It is determined that it is time to select a next switch vector. 
(a) to (c) are repeated for each subcycle of the determined 
number of switching subcycles. At least one load switch and 

FIG. 9 shows a phase interconnection of switches to 
synthesize a line-to-line voltage between a most positive 
voltage and an intermediate voltage of the three phase 
voltage waveforms of FIG. 7 in accordance with an illus-

50 trative embodiment. 
FIG. 10 shows a phase interconnection of switches to 

synthesize a line-to-line voltage between the intermediate 
voltage and a most negative voltage of the three phase 
voltage waveforms of FIG. 7 in accordance with an illus-

55 trative embodiment. 
FIG. 11 is a schematic diagram of the first energy transfer 

system of FIG. 6 with a reduced AC subsystem in accor
dance with an illustrative embodiment. 

FIGS. 12A and 12B depict a flow diagram illustrating 
60 examples of operations performed by a control application 

of the converter of the energy transfer system of FIG. 1 in 
accordance with an illustrative embodiment 

FIG. 13 is a block diagram of a switch vector determi
nation device in accordance with an illustrative embodi-

65 ment. 
FIGS. 14A and 14B depict a flow diagram illustrating 

examples of operations performed by a switch vector deter-
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mination application of the switch vector determination 
device of FIG. 13 in accordance with an illustrative embodi
ment 

FIG. 15 is a block diagram of a second energy transfer 
system in accordance with an illustrative embodiment. 

FIG. 16 depicts a flow diagram illustrating examples of 
operations performed by a control application of the con
verter of the energy transfer system of FIG. 15 in accordance 
with an illustrative embodiment 

FIG. 17 shows a switching period at a time instant 
illustrated in FIG. 7 and application of a switch state 
selection mode that minimizes a current across the link 
capacitor of the energy transfer system of FIG. 1 in accor
dance with an illustrative embodiment. 

DETAILED DESCRIPTION 

Referring to FIG. 1, an energy transfer system 100 may 
include a source system 102, a load system 104, a converter 
106, a controller 108, and a link capacitor 110. Source 
system 102 and load system 104 exchange energy through 
link capacitor 110 under control of controller 108 and 
converter 106. Link capacitor 110 is connected in parallel 
with converter 106. A capacitance of link capacitor 110 may 
be many orders of magnitude less than traditional designs 
for energy transfer system 100. 

Source system 102 may include one or more alternating 
current (AC) and/or direct current (DC) source circuits that 
provide electrical power. Load system 104 may include one 
or more AC and/or DC load circuits that act as electrical 
loads that receive the provided electrical power. Some or all 
of source system 102 and/or load system 104 may provide 
bidirectional power flow such that a source circuit and/or a 
load circuit may act as a power source during a first time 
period and as an electrical load during a second time period. 

During normal operating conditions, a total power sup
plied by all of the circuits acting as sources balance a total 
power consumed by all of the circuits acting as loads. In the 
event that there is a mismatch between total source and load 

4 
When energy transfer system 100 includes a DC load 

circuit or a DC source circuit, converter 106 includes a 
switch associated with each DC load circuit or with each DC 
source circuit. When energy transfer system 100 includes a 

5 plurality of AC load circuits and/or plurality of AC source 
circuits, converter 106 may include a plurality of converters 
with a converter connected to each AC source system, and 
each AC load system. Link capacitor 110 is connected in 
parallel between the source converter(s) and the load con-

10 verter(s). Controller 108 controls the supply of power from 
the converter(s) of source system 102 to the converter(s) of 
load system 104 through command signals input to each 
converter. 

Controller 108 may include an input interface 112, an 
15 output interface 114, a computer-readable medium 116, a 

processor 118, and a control application 120. Fewer, differ
ent, and additional components may be incorporated into 
controller 108. For example, controller 108 may include a 
communication interface (not shown). The communication 

20 interface provides an interface for receiving and transmitting 
data between devices using various protocols, transmission 
technologies, and media as understood by those skilled in 
the art. The communication interface may support commu
nication using various transmission media that may be wired 

25 and/or wireless. 
Input interface 112 provides an interface for receiving 

information from a user or from other devices for entry into 
controller 108 as understood by those skilled in the art. Input 
interface 112 may interface with various input technologies 

30 including, but not limited to, a keyboard, a mouse, a display, 
a track ball, a keypad, one or more buttons, etc. to allow the 
user to enter information into controller 108 or to make 
selections in a user interface displayed on the display. The 
same interface may support both input interface 112 and 

35 output interface 114. Controller 108 may have one or more 
input interfaces that use the same or a different input 
interface technology. Additional inputs to controller 108 
may be the voltage, current, and/or power values received 
from source system 102 and/or load system 104. 

power levels, a storage subsystem (not shown) may be added 40 

to energy transfer system 100 to ensure overall power 
balance across link capacitor 110. Link capacitor 110 is 
connected in parallel with respect to a switch associated with 
each DC load circuit or each phase of an AC load circuit, and 
each DC source circuit or each phase of an AC source 45 

Output interface 114 provides an interface for outputting 
information for review by a user of controller 108 and for 
input to another device. For example, output interface 114 
may interface with various output technologies including, 
but not limited to, the display and a printer, etc. Controller 
108 may have one or more output interfaces that use the 
same or a different interface technology. Additional outputs circuit. 

Controller 108 may be electrically connected to source 
system 102 and load system 104 to receive voltage, current, 
and/or power values used to define the parameters that 
control the energy transfer between source system 102 and 50 

load system 104 based on a current availability/demand 
across energy transfer system 100. The voltage, current, 
and/or power values may be received for each switching 
frequency interval, also referred to herein as a switching 
period, or may be received less frequently or more fre- 55 

quently depending on the dynamic needs of energy transfer 
system 100. Controller 108 may dynamically control con
verter 106 to act as an inverter, a rectifier, and/or a frequency 
converter. 

Controller 108 is electrically connected to converter 106. 60 

Controller 108 controls the supply of power from source 
system 102 to load system 104 through command signals 
input to converter 106. The command signals are generated 
by controller 108 based on estimated or commanded volt
age, current values, and/or power values based on known 65 

voltage, current, and/or power values of source system 102 
and load system 104. 

from controller 108 may be the command signals to con
verter 106. 

Computer-readable medium 116 is an electronic holding 
place or storage for information so the information can be 
accessed by processor 118 as understood by those skilled in 
the art. Computer-readable medium 116 can include, but is 
not limited to, any type of random access memory (RAM), 
any type of read only memory (ROM), any type of flash 
memory, etc. such as magnetic storage devices ( e.g., hard 
disk, floppy disk, magnetic strips, ... ), optical disks (e.g., 
compact disc (CD), digital versatile disc (DVD), ... ), smart 
cards, flash memory devices, etc. Controller 108 may have 
one or more computer-readable media that use the same or 
a different memory media technology. For example, com
puter-readable medium 116 may include different types of 
computer-readable media that may be organized hierarchi
cally to provide efficient access to the data stored therein as 
understood by a person of skill in the art. As an example, a 
cache may be implemented in a smaller, faster memory that 
stores copies of data from the most frequently/recently 
accessed main memory locations to reduce an access 
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switch 300 is an n-type or a p-type, drain 302 and source 306 
may be reversed. A voltage applied to gate 304 determines 
a switching state of transistor switch 300. 

latency. Controller 108 also may have one or more drives 
that support the loading of a memory media such as a CD, 
DVD, an external hard drive, etc. One or more external hard 
drives further may be connected to controller 108 using the 
communication interface. 

First top diode 212 is connected anti-parallel across 
5 source 306 and drain 302 of transistor switch 300. In an 

Processor 118 executes instructions as understood by 
those skilled in the art. The instructions may be carried out 
by a special purpose computer, logic circuits, or hardware 
circuits. Processor 118 may be implemented in hardware 
and/or firmware. Processor 118 executes an instruction, 10 

meaning it performs/controls the operations called for by 
that instruction. The term "execution" is the process of 
running an application or the carrying out of the operation 
called for by an instruction. The instructions may be written 
using one or more progranmiing language, scripting Ian- 15 

guage, assembly language, etc. Processor 118 operably 
couples with input interface 112, with output interface 114, 
and with computer-readable medium 116 to receive, to send, 
and to process information. Processor 118 may retrieve a set 

illustrative embodiment, transistor switch 300 is an insu
lated-gate field-effect transistor such as a MOSFET or an 
IGBT, which may be a silicon device, Gallium Nitride 
(GaN) device, Silicon Carbide (SiC) device, or other type of 
power semiconductor switch. 

Referring again to FIG. 2, in the illustrative embodiment, 
the second switch-diode circuit may include a first bottom 
switch 202 and a first bottom diode 214 connected anti
parallel across first bottom switch 202 similar to the first 
switch-diode circuit. For illustration, first bottom switch 202 
may also be implemented as transistor switch 300. Source 
306 of transistor switch 300 of the first switch-diode circuit 
is connected to drain 302 of transistor switch 300 of the 
second switch-diode circuit. Drain 302 of transistor switch 

of instructions from a permanent memory device and copy 
the instructions in an executable form to a temporary 
memory device that is generally some form of RAM. 
Controller 108 may include a plurality of processors that use 
the same or a different processing technology. 

20 300 of the first switch-diode circuit is connected to a top line 
236. Top line 236 may be referred to as a positive bus. 
Source 306 of transistor switch 300 of the second switch
diode circuit is connected to a bottom line 238. Bottom line 

Control application 120 performs operations associated 25 

with implementing some or all of the control of converter as 
described with reference to FIGS. 12A, 12B, and 16. The 
operations may be implemented using hardware, firmware, 
software, or any combination of these methods. Referring to 
the example embodiment of FIG. 1, control application 120 30 

is implemented in software (comprised of computer-read
able and/or computer-executable instructions) stored in 
computer-readable medium 116 and accessible by processor 
118 for execution of the instructions that embody the opera
tions of control application 120. Control application 120 35 

may be written using one or more programming languages, 
assembly languages, scripting languages, etc. 

Referring to FIG. 2, a circuit diagram of part of converter 
106 implemented as a first converter 106a is shown in 
accordance with an illustrative embodiment. First converter 40 

106a is a three-phase converter that may control the power 
provided to a load circuit or received from a source circuit. 
In the illustrative embodiment of FIG. 2, first converter 106a 
may include a first half-bridge 230, a second half-bridge 
232, and a third half-bridge 234. In the illustrative embodi- 45 

ment, converter 106 may include a fewer or a greater 
number of phases including a DC current. For example, 
converter 106 may output two- or four-phase or DC wave
forms. Converter 106 may include a half-bridge for each 
phase. Each half-bridge acts as a single pole, double throw 50 

(SPDT) switch selected as in an 'on' configuration or in an 
'off' configuration based on a desired direction of current 
flow. 

238 may be referred to as a negative bus. 
Gate 304 of transistor switch 300 of the first switch-diode 

circuit and gate 304 of transistor switch 300 of the second 
switch-diode circuit are connected to controller 108 to 
receive gating signals to control a state of first top switch 
200 and first bottom switch 202, respectively. At any point 
in time, only one of first top switch 200 and first bottom 
switch 202 is effectively closed. A first-phase line 224 is 
connected between source 306 of transistor switch 300 of 
the first switch-diode circuit and drain 302 of transistor 
switch 300 of the second switch-diode circuit. A direction of 
current flow from first-phase line 224 to top line 236 through 
first top switch 200 indicates first half-bridge 230 is charging 
link capacitor 110, and a direction of current flow from top 
line 236 to first-phase line 224 through first top switch 200 
indicates first half-bridge 230 is discharging link capacitor 
110. When first top switch 200 is effectively closed, first 
half-bridge 230 is in the 'on' configuration or in a one '1' 
state. When first bottom switch 202 is effectively closed, first 
half-bridge 230 is in the 'off' configuration or in a zero 'O' 
state. 

Link capacitor 110 is connected in parallel with first 
converter 106a between top line 236 and bottom line 238. A 
half-bridge is included for each phase voltage/current output 
from converter 106. In the illustrative embodiment of first 
converter 106a, first converter 106a includes three half
bridges 230, 232, 234. Second half-bridge 232 is identical to 
first half-bridge 230 and includes a third switch-diode circuit 
and a fourth switch-diode circuit. The third switch-diode 
circuit includes a second top switch 204 and a second top 
diode 216 connected anti-parallel across second top switch First half-bridge 230 may include a first switch-diode 

circuit and a second switch-diode circuit. The first switch
diode circuit may include a first top switch 200 and a first top 
diode 212 connected anti-parallel across first top switch 200. 

55 204. The fourth switch-diode circuit includes a second 
bottom switch 206 and a second bottom diode 218 con-

Referring to FIG. 3, the first switch-diode circuit is shown 
in accordance with an illustrative embodiment. First top 
switch 200 may be implemented as a transistor switch 300. 60 

Transistor switch 300 may include a drain 302, a gate 304, 
and a source 306 like a metal-oxide-semiconductor field
effect transistor (MOSFET) or include a collector 302, a gate 
304, and an emitter 306 like an insulated-gate bipolar 
transistor (IGBT), or include a collector 302, a base 304, and 65 

an emitter 306 like a bipolar junction transistor (BJT). 
Depending on the switching logic and whether transistor 

nected anti-parallel across second bottom switch 206. Again, 
second top switch 204 and second bottom switch 206 may 
be implemented as transistor switch 300 and connected in an 
identical manner to that described for first top switch 200 
and first bottom switch 202. 

Gate 304 of transistor switch 300 of the third switch-diode 
circuit and gate 304 of transistor switch 300 of the fourth 
switch-diode circuit are connected to controller 108 to 
receive gating signals to control a state of second top switch 
204 and second bottom switch 206, respectively. At any 
point in time, only one of second top switch 204 and second 
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bottom switch 206 is effectively closed. A second-phase line 
226 is connected between source 306 of transistor switch 
300 of the third switch-diode circuit and drain 302 of 
transistor switch 300 of the fourth switch-diode circuit. A 
direction of current flow from second-phase line 226 to top 5 

line 236 through second top switch 204 indicates second 
half-bridge 232 is charging link capacitor 110, and a direc
tion of current flow from top line 236 to second-phase line 
226 through second top switch 204 indicates second half
bridge 232 is discharging link capacitor 110. When second 10 

top switch 204 is effectively closed, second half-bridge 232 

8 
times fP and can be variable. First capacitor voltage curve 
400 may change as a function of time to satisfy the demands 
between source system 102 and load system 104. 

Referring to FIG. 4B, the capacitor voltage across link 
capacitor 110 is shown in accordance with a second illus
trative embodiment. Link capacitor 110 is charged to V Nat 
the beginning and the end of each switching period Ts as 
shown by a second capacitor voltage curve 402. Though a 
different algorithm may be used to define second capacitor 
voltage curve 402 relative to first capacitor voltage curve 
400, at the end of each switching period Ts, the capacitor 
voltage again starts and ends at V N 

Every high frequency switching period can be divided 
into several subcycles represented as a,, where i=l, 2, .... 

is in the 'on' configuration or in the one '1' state. When 
second bottom switch 206 is effectively closed, second 
half-bridge 232 is in the 'off' configuration or in the zero '0' 
state. 

Third half-bridge 234 is identical to first half-bridge 230 
and includes a fifth switch-diode circuit and a sixth switch
diode circuit. The fifth switch-diode circuit includes a third 
top switch 208 and a third top diode 220 connected anti
parallel across third top switch 208. The sixth switch-diode 
circuit includes a third bottom switch 210 and a third bottom 
diode 222 connected anti-parallel across third bottom switch 
210. Again, third top switch 208 and third bottom switch 210 
may be implemented as transistor switch 300 and connected 
in an identical manner to that described for first top switch 
200 and first bottom switch 202. 

15 Link capacitor 110 is charged or discharged during each 
subcycle of switching period Ts as indicated in FIGS. 4A and 
4B. Link capacitor 110 may have an idle subcycle denoted 
as a0 during which a capacitor voltage V cap remains con
stant. At a start of operation, link capacitor 110 holds energy 

20 CV j/2, where C is a capacitance value of link capacitor 
110. Under normal operating conditions, when there is 
power balance between source system 102 and load system 
104, link capacitor 110 is restored back to V N gaining or 
losing energy it lost or gained during a previous subcycle. 

Gate 304 of transistor switch 300 of the fifth switch-diode 
circuit and gate 304 of transistor switch 300 of the sixth 
switch-diode circuit are connected to controller 108 to 

25 During each subcycle, link capacitor 110 is connected to one 
or more sources and/or loads, by deliberate design, depend
ing on the power transfer requirements between sources and 
loads that are specified in terms of their voltages and 
currents. 

receive gating signals to control a state of third top switch 30 

208 and third bottom switch 210, respectively. At any point 
in time, only one of third top switch 208 and third bottom 
switch 210 is effectively closed. A third-phase line 228 is 
connected between source 306 of transistor switch 300 of 
the fifth switch-diode circuit and drain 302 of transistor 35 

switch 300 of the sixth switch-diode circuit. A direction of 
current flow from third-phase line 228 to top line 236 
through third top switch 208 indicates third half-bridge 234 

Referring to FIG. 5, a circuit diagram of a first energy 
transfer system 100a is shown in accordance with a first 
illustrative embodiment. First energy transfer system 100a 
may include a first source system 102a, a first load system 
104a, first converter 106a, a second converter 106b, con
troller 108 (not shown in FIG. 5), and link capacitor 110. 
Converter 106 includes first converter 106a and second 
converter 106b each of which is controlled by controller 
108. In the illustrative embodiment of FIG. 5, first source 
system 102a includes a single source circuit that includes a is charging link capacitor 110, and a direction of current flow 

from top line 236 to third-phase line 228 through third top 
switch 208 indicates third half-bridge 234 is discharging link 
capacitor 110. When third top switch 208 is effectively 
closed, third half-bridge 234 is in the 'on' configuration or 
in the one '1' state. When third bottom switch 210 is 
effectively closed, third half-bridge 234 is in the 'off' 
configuration or in the zero '0' state. 

40 DC power source 500. Second converter 106b is a single
phase or DC converter. Inductor 502 and a source control 
switch 504 are connected in series with DC power source 
500, which together can be visualized as a DC-DC boost 
chopper. Link capacitor 110 is connected in parallel with 

45 first converter 106a and second converter 106b, between top 
line 236 and bottom line 238. Source control switch 504 is 

First top switch 200, second top switch 204, and third top 
switch 208 operate with an inverse of a duty ratio of first 
bottom switch 202, second bottom switch 206, and third 
bottom switch 210, respectively. First top switch 200, sec- 50 

ond top switch 204, and third top switch 208 may be referred 
to as positive throws, and first bottom switch 202, second 
bottom switch 206, and third bottom switch 210 may be 
referred to as negative throws herein. 

Referring to FIG. 4A, a capacitor voltage across link 55 

capacitor 110 is shown in accordance with a first illustrative 
embodiment. Link capacitor 110 is charged to a predefined, 
nominal capacitor voltage value V N as shown by a first 
capacitor voltage curve 400 at a beginning and an end of 
each switching period Ts· Converter 106 controls charge and 60 

discharge cycles during a plurality of subcycles for each 
switching period Ts· Ts is an inverse of a switching fre
quency f

5
=l/Ts. In an illustrative embodiment, f

5 
is much 

higher than a frequency fP of the source and/or load in 
energy transfer system 100. For illustration, f, is at least 1 65 

kilohertz (kHz) resulting in a switching period of less than 
one millisecond while f P may be 60 Hz. f, can be at least 100 

connected in the 'on' configuration to charge link capacitor 
110 in a first position as illustrated in FIG. 5 and to 
disconnect first source system 102a from link capacitor 110 
when in a second position or in the 'off' configuration. 

Source control switch 504 may be implemented as a 
single half-bridge identical to first half-bridge 230 such that 
source control switch 504 can be in the 'on' configuration or 
in the one '1' state or can be in the 'off' configuration or in 
the zero '0' state. Alternatively, each half-bridge such as 
source control switch 504, first half-bridge 230, second 
half-bridge 232, third half-bridge 234, etc. may be replaced 
with other types of single pole double throw (SPDT) switch 
configurations as understood by a person of skill in the art. 

A simplified topology of the circuit diagram of first energy 
transfer system 100a is shown in FIG. 6. This topology 
consists of DC and AC sources and loads connected to link 
capacitor 110 by SPDTs. The circuit topology resembles a 
DC-DC boost converter cascaded with a three-phase voltage 
source buck inverter, or a three-phase voltage source boost 
rectifier cascaded with a DC-DC buck converter. The power 
transfer can take place from either first source system 102a 
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(DC) to first load system 104a (three-phase AC load) or vice 
versa. The described teclmiques can be extended to any 
number of phases, as well as any number of AC and/or DC 
systems. 

DC power source 500 provides or consumes power aper- 5 

ating at a DC voltage V de 600 and DC current Ide 602 
through source control switch 504 shown as an SPDT switch 
with the 'on' configuration or the one' 1' state represented by 

10 
At a time instant 706, values for VA, VB, VO and IA, IB, 

and le may be determined for each phase load leg 620, 622, 
624. For example, at time instant 706, a VA value 708 is 0.85, 
a VB value 710 is -0.08, a V c value 712 is -0.77, an IA value 
806 is 0.64, an IB value 808 is -0.06, and an le value 810 is 
-0.58. A voltage V AB value 714 is 0.93. A voltage V Be value 
716 is 0.69. Voltage VAB is a line-to-line voltage between the 
A and B phases. Voltage V Be is a line-to-line voltage 
between the B and C phases. 

A time interval of one complete cycle of the three-phase 
output waveforms can be divided into 6 sectors, depending 
on which of the phase voltages is the most positive, which 
of the phase voltages is the most negative, and which of the 
phase voltages is intermediate between or equal to the most 
positive and the most negative. For example, in a first sector 
718, first-phase voltage VA 700 is the most positive voltage, 
third-phase voltage V c 704 is the most negative voltage, and 
second-phase voltage VB 702 has an intermediate voltage. In 
a second sector 720, second-phase voltage VB 702 is the 

a connection to a top source throw 604 and the 'off' 
configuration or the zero '0' state represented by a connec- 10 

tion to a bottom source throw 606. First half-bridge 230 is 
shown as an SPDT switch with the 'on' configuration or the 
one '1' state represented by a connection to a top first-phase 
throw 608 and the 'off' configuration or the zero '0' state 

15 
represented by a connection to a bottom first-phase throw 
610. A first-phase output waveform (current, voltage, or 
power) may be created by operation of first half-bridge 230 
and may be referred to as an A-phase waveform input to a 
first-phase load leg 620. 

Second half-bridge 232 is shown as an SPDT switch with 
the 'on' configuration or the one '1' state represented by a 
connection to a top second-phase throw 612 and the 'off' 
configuration or the zero '0' state represented by a connec
tion to a bottom second-phase throw 614. A second-phase 25 

output waveform (current, voltage, or power) is created by 
operation of second half-bridge 232 and may be referred as 

20 most positive voltage, third-phase voltage V c 704 is the 
most negative voltage, and first-phase voltage VA 700 has an 
intermediate voltage. In a third sector 722, second-phase 
voltage VB 702 is the most positive voltage, first-phase 

a B-phase waveform input to a second-phase load leg 622. 
Third half-bridge 234 is shown as an SPDT switch with 

the 'on' configuration or the one '1' state represented by a 30 

connection to a top third-phase throw 616 and the 'off' 
configuration or the zero '0' state represented by a connec
tion to a bottom third-phase throw 618. A third-phase output 
waveform (current, voltage, or power) is created by opera
tion of third half-bridge 234 and may be referred as a 35 

C-phase waveform input to a third-phase load leg 624. As a 
result, each phase of each source or load can be represented 

voltage VA 700 is the most negative voltage, and third-phase 
voltage V c 704 has an intermediate voltage. In a fourth 
sector 724, third-phase voltage V c 704 is the most positive 
voltage, first-phase voltage VA 700 is the most negative 
voltage, and second-phase voltage VB 702 has an interme-
diate voltage. In a fifth sector 726, third-phase voltage V c 
704 is the most positive voltage, second-phase voltage VB 
702 is the most negative voltage, and first-phase voltage VA 
700 has an intermediate voltage. In a sixth sector 728, 
first-phase voltage VA 700 is the most positive voltage, 
second-phase voltage VB 702 is the most negative voltage, 
and third-phase voltage V c 704 has an intermediate voltage. 

In the illustrative embodiment of FIG. 8, first-phase 
current IA 800 is in-phase with first-phase voltage VA 700, 
second-phase current IB 802 is in-phase with second-phase 
voltage VB 702, and third-phase current le 804 is in-phase 

as being connected to an SPDT switch connected in parallel 
across link capacitor 110 having a capacitor voltage V cap 

626. 40 with third-phase voltage V c 704. Depending on a power 
angle between the currents and voltages of the AC first load 
system 104a, the phase currents may be in-phase with the 
phase voltages, may lag the phase voltages, and/or may lead 
the phase voltages. The power factor may change as a 

Referring to FIG. 7, a three-phase balanced set of sinu
soidal voltage waveforms at first-phase load leg 620, at 
second-phase load leg 622, and at third-phase load leg 624 
are shown for a complete cycle as a function of time. 
Referring to FIG. 8, a three-phase balanced set of sinusoidal 
current waveforms at first-phase load leg 620, at second
phase load leg 622, and at third-phase load leg 624 are 
shown for the complete cycle. The voltages and currents are 
shown per unit and at unity power factor for simplicity. DC 
voltage V de 600 is shown in FIG. 7. DC current Ide 602 is 50 

shown in FIG. 8. DC current Ide 602 is negative because it 

45 function of time. 

is flowing out of DC power source 500. A first-phase voltage 
VA 700 is provided to first-phase load leg 620 as a function 
of time. A first-phase current IA 800 is provided to first-phase 
load leg 620 as a function of time. A second-phase voltage 55 

VB 702 is provided to second-phase load leg 622 as a 
function of time. A second-phase current IB 802 is provided 
to second-phase load leg 622 as a function of time. A 
third-phase voltage V c 704 is provided to third-phase load 
leg 624 as a function of time. A third-phase current le 804 60 

is provided to third-phase load leg 624 as a function of time. 
As understood by a person of skill in the art, the current and 
voltage waveforms are 360/m degrees out of phase with 
each other, where m represents a number of phases. Thus, 
VA, VB, and V care 120 degrees out of phase with each other, 65 

and IA, IB, and le are 120 degrees out of phase with each 
other. 

The connectivity of the loads and sources can be modeled 
using a switching function representation of each SPDT 
switch to the top throw or the bottom throw. The switching 
function of the various switches can be defined by equation 
(1 ): 

{ 
1, 

h,(t) = O 
switch fk+conducts 

switch tk_conducts 

(1) 

where switch tk+ conducts when connected to the top throw, 
and switch tk- conducts when connected to the bottom throw. 
In the illustrative embodiment of FIG. 6, k=DC,A,B,C. A 
switch vector SV={Snc, SA, SB, Sc} defines a state (e.g., 
Snc, SA, SB, Sc) of each switch at a point in time. The 
three-phase AC quantities can be mapped into two sets of 
equivalent voltages and currents as described further. 

In each sector 718, 720, 722, 724, 726, 728, the most 
positive voltage VP may be indicated as a p-phase, the most 
negative voltage Vn may be indicated as an n-phase, and the 
intermediate voltage V, may be indicated as an i-phase. A 
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equivalent currents and voltages of the independent sources 
and loads can be represented as 11 and Vi' respectively, where 
j=l to J. Converter 106 that includes first converter 106a and 
second converter 106b may now be represented by a con-

largest positive line-to-line voltage is between the n-phase 
and the p-phase waveforms and can be denoted as Vpn· Two 
smaller positive line-line voltages are between the interme
diate voltage (i-phase) and the maximum voltage waveform 
(p-phase), and between the intermediate voltage (i-phase) 
and the minimum voltage (n-phase) voltage waveform, 
denoted as VP, and V,n, respectively. 

5 verter with J independent outputs as illustrated in FIG. 11. 
The switching state of the various throws connected to these 
independent sources and/or loads can be defined as shown in 
equation (2) 

{ 

1, 
gj(t) = 0 

switch t1+conducts 

switch t1_conducts 

(2) 

Where g/t) defines a reduced switching function when 
converter 106 includes an AC source or an AC load. 

VA, VB, and V care the AC line-to-neutral voltage wave
forms. VA' VB' and V c at any instant of time ( or subcycle) 
and can be defined using two line-to-line voltage wave- 10 

forms. During a window of time, synthesis of the two 
smaller line-to-line voltages of first converter 106a through 
appropriate modulation results in synthesis of the third 
line-to-line voltage. To synthesize the two line-to-line volt
ages, the connection of the three phases to top line (bus) 236 15 

or to bottom line (bus) 238 through the associated SPDT 
switch is indicated in FIGS. 9 and 10. FIG. 9 shows a 
p-phase circuit 900 connection to synthesize Vp,· Since 
voltage VP,=VP-V,, a p-phase switch 902 is connected to top 
bus 236 since p-phase switch 902 provides the maximum 
voltage, and an i-phase switch 906 is connected to bottom 
bus 238. Ann-phase switch 904 is connected to bottom bus 
238, since n-phase switch 904 provides the minimum volt
age. In FIG. 9, a p-phase DC link current 908 is IP, since 
p-phase switch 902 is connected to top bus 236. 

Referring to the illustrative embodiment of FIG. 11, a 
two-phase circuit 1100 is shown to synthesize VP, using 
p-phase circuit 900 and to synthesize V,n using n-phase 
circuit 1000. A capacitor current leap 1102 flows to/from link 

20 capacitor 110 to DC power source 500 and/or to one of 
p-phase circuit 900 or n-phase circuit 1000. A p-phase circuit 
switch 1104 switches between the 'on' configuration or the 
one '1' state represented by a connection to a top p-phase 
throw 1106 and the 'off' configuration or the zero '0' state 

25 represented by a connection to a bottom p-phase throw 1108. 
Similarly, FIG. 10 shows an n-phase circuit 1000 con

nection to synthesize V,n· Since voltage V,n =V L-V m i-phase 
switch 906 is connected to top bus 236, while n-phase switch 
904 remains connected to bottom bus 238, and p-phase 
switch 902 remains connected to top bus 236. In FIG. 10, an 
n-phase DC link current 1002 is Im since n-phase switch 904 
is connected to bottom bus 238. 

Ann-phase circuit switch 1110 switches between the 'on' 
configuration or the one '1' state represented by a connection 
to a top n-phase throw 1112 and the 'off' configuration or the 
zero '0' state represented by a connection to a bottom 

30 n-phase throw 1114. 

During a switching period Ts, p-phase switch 902 is in the 
'on' configuration created by a connection to its top throw 
608, 612, 616. n-phase switch 904 is in the 'off' configura
tion created by a connection to its bottom throw 610, 614, 
618. i-phase switch 906 is switched between the 'on' con
figuration created by a connection to its top throw 608, 612, 
616 and the 'off' configuration created by a connection to its 
bottom throw 610, 614, 618. 

35 

40 

45 

As a result, appropriate modulation between the equiva
lent circuits of FIGS. 9 and 10 enables synthesis of each of 
VA, VB, and V c· For example, for time instant 706 high
lighted in FIG. 7, VP=VA, Vn=V c, and V,=VB, because time 
instant 706 is in first sector 718. Each sector 718, 720, 722, 
724, 726, 728 results in different selections for VP, Vm and 
V,. The difference between first-phase voltage VA 700 and 
second-phase voltage VB 702 gives the line-to-line voltage 
VP,=VAB· Similarly, the difference between second-phase 
voltage VB 702 and third-phase voltage V c 704 gives the 50 

line-to-line voltage V,n=VBc, IP=IA and In=-Ic. For a 
switching period Ts starting at time instant 706, first half
bridge 230 is in the 'on' configuration by being connected to 
top first-phase throw 608; third half-bridge 234 is in the 'off' 
configuration by being connected to bottom third-phase 55 

throw 618; and second half-bridge 232 is switched between 
the 'on' configuration by being connected to top second
phase throw 612 and the 'off' configuration by being con
nected to bottom second-phase throw 614. Additional num
bers of phases may be applied in a similar manner to reduce 60 

a number of AC voltages to synthesize by one. For example, 
three line-to-line voltage can be used to synthesize a four
phase AC system. 

As a result, a total number J of"independent" sources and 
loads connected to link capacitor 110 can be determined. For 65 

the DC to three-phase AC converter with one DC voltage 
source and two independent AC voltages, J=1+2=3. The 

Switching functions determine the mapping of the equiva
lent converter terminal voltages VP, and V,n and currents IP 
and In with DC voltage V de 600 and DC current Ide 602 
through source control switch 504 as V1=V cap g1 and 
leap =I1g1, where j=DC, pi, in. The mapping of the g1 switch-
ing functions to the hk switching functions is provided in 
Table 1 for the illustrative embodiment of FIG. 6. 

TABLE 1 

DC AC 

gDC hnc gpi gin hp h, hn 

0 0 0 0 0 0 0 
0 0 

0 0 0 

In the case of DC systems (source or load), gnc(t) 
represents the switching function of the switch connected to 
them. Hence, gnc(t)=hnc(t). In the case of AC systems, 
gp,(t) and g,n(t) are translated in terms of the switching 
functions of the three phases hp(t), h,(t), and hn(t), which are 
mapped to A, B, and C based on the sector 718, 720, 722, 
724,726,728. As a result, p, i, nEA, B, C. When gp,=g,n=l 
(or 0), the AC system is in a zero state indicating that 
hp =h,=hn =1 (or 0). As explained previously, during a switch
ing period T,, p-phase switch 902 is in the 'on' configuration 
created by a connection to its top throw 608, 612, 616 and 
n-phase switch 904 is in the 'off' configuration created by a 
connection to its bottom throw 610, 614, 618 resulting in 
hp= 1 and hn =0 as shown in Table 1. When gp,= 1 and g,n =0, 
i-phase switch 906 is in the 'off' configuration created by a 
connection to its bottom throw 610, 614, 618 resulting in 
h,=0. When gp,=0 and g,n =1, i-phase switch 906 is in the 'on' 
configuration created by a connection to its top throw 608, 
612, 616 resulting in h,=1. 
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Conventionally, pulse width modulation (PWM) is posed 
14 

may be determined by reading switching frequency f, from 
a storage location in computer-readable medium 116. As still 
another example, switching frequency f, may be determined 
by reading switching frequency f, from a command line that 

as a solution to a problem of determining the switching 
functions hit) for realizing the desired DC and AC terminal 
voltages at the converter terminals. After such a transfor
mation, the conventional PWM for converters views the 
modulation problem as a solution to V1=V capgJ to synthesize 
voltages Vi' typically one at a time, such that the switching 
functions for DC converters and AC converters are deter
mined independent of each other. The consequences of the 
reciprocal current transfer relationship leap =I1g1 is addressed 
by using a large link capacitor 110 and long term power 
balance between the source and load converters that form 
the converter system. 

5 triggers execution of control application 120. 
In an operation 1204, switching period Ts is computed 

from switching frequency fs as Ts=l/fs. Alternatively, 
switching period Ts may be determined in operation 1202, 
and switching frequency fs may be computed as fs=l/Ts in 

10 operation 1204. 

In contrast, control application 120 simultaneously deter
mines and executes the reduced switching functions g1 such 15 

that link capacitor 110 can be connected simultaneously to 
more than one of the sources and/or loads in a coordinated 
and coupled manner. Link capacitor 110 undergoes a charge 
or a discharge cycle during each subcycle a,, by deliberate 
design so that a stiffness of the DC bus can be maintained 20 

with a small amount of energy storage at the DC bus. 
During each subcycle, capacitor voltage V cap 626 is 

reduced if capacitor current leap 1102 is positive; whereas, 
capacitor voltage V cap 626 increases if capacitor current 
leap 1102 is negative. Under normal operating conditions, 25 

capacitor voltage V cap 626 is maintained at nominal capaci-
tor voltage value V Nat a start and at an end of each switching 
period Ts· The sequence and pattern of connecting the 
various sources and loads can be formulated in various ways 
depending on constraints applied to select a switch vector 30 

during each subcycle. 
Referring to FIGS. 12A and 12B, example operations 

associated with control application 120 are described. Con
trol application 120 may control converter 106 operating as 
a DC-AC inverter, a DC-AC rectifier, a DC-DC converter, or 35 

an AC-AC converter with any number ofloads and sources. 
Additional, fewer, or different operations may be performed 
depending on the embodiment. The order of presentation of 
the operations of FIGS. 12A and 12B is not intended to be 
limiting. Although some of the operational flows are pre- 40 

sented in sequence, the various operations may be per
formed in various repetitions, concurrently, and/or in other 
orders than those that are illustrated. As understood by a 
person of skill in the art, various operations may be per
formed in parallel, for example, using a plurality of threads 45 

or a plurality of processors. 
In an operation 1200, nominal capacitor voltage value V N 

is determined. For example, nominal capacitor voltage value 
V N may be determined by receiving nominal capacitor 
voltage value V N after a selection from a user interface 50 

window or after entry by a user into a user interface window 
presented under control of control application 120. As 
another example, nominal capacitor voltage value V N may 
be determined by reading nominal capacitor voltage value 
V N from a storage location in computer-readable medium 55 

116. As still another example, nominal capacitor voltage 
value V N may be determined by receiving a measurement 
from converter 106. As yet another example, nominal 
capacitor voltage value V N may be determined by reading 
nominal capacitor voltage value V N from a command line 60 

that triggers execution of control application 120. 
In an operation 1202, switching frequency f, is deter

mined. For example, switching frequency fs may be deter
mined by receiving switching frequency f, after a selection 
from a user interface window or after entry by a user into a 65 

user interface window presented under control of control 
application 120. As another example, switching frequency f, 

In an operation 1206, capacitance value C of link capaci
tor 110 is received. For example, capacitance value C may 
be received after a selection from a user interface window or 
after entry by a user into a user interface window presented 
under control of control application 120. As another 
example, capacitance value C may be received by reading 
capacitance value C from a storage location in computer
readable medium 116. As still another example, capacitance 
value C may be received by reading capacitance value C 
from a command line that triggers execution of control 
application 120. 

In an operation 1208, a source type and a source rating of 
one or more sources is received. For example, a source type 
may be indicated as either DC or AC. If AC, the source type 
further may indicate a number of phases and the operating 
frequency. The source rating may be a maximum voltage 
value, a maximum current, and/or a maximum power. The 
type and rating of the one or more sources may be received 
after a selection from a user interface window or after entry 
by a user into a user interface window presented under 
control of control application 120. As another example, the 
type and rating of the one or more sources may be received 
by reading the type and rating of the one or more sources 
from a storage location in computer-readable medium 116. 
As still another example, the type and rating of the one or 
more sources may be received by reading the type and rating 
of the one or more sources from a command line that triggers 
execution of control application 120. 

In an operation 1210, a load type and a load rating of one 
or more loads is received. For example, a load type may be 
indicated as either DC or AC. If AC, the load type further 
may indicate a number of phases and the operating fre
quency. The load rating may be a maximum voltage value, 
a maximum current, and/or a maximum power. The type and 
rating of the one or more loads may be received after a 
selection from a user interface window or after entry by a 
user into a user interface window presented under control of 
control application 120. As another example, the type and 
rating of the one or more loads may be received by reading 
the type and rating of the one or more loads from a storage 
location in computer-readable medium 116. As still another 
example, the type and rating of the one or more loads may 
be received by reading the type and rating of the one or more 
loads from a command line that triggers execution of control 
application 120. 

In an operation 1212, one or more switch state selection 
modes are received. For example, the one or more switch 
state selection modes may be received after a selection from 
a user interface window or after entry by a user into a user 
interface window presented under control of control appli
cation 120. As another example, the one or more switch state 
selection modes may be received by reading the one or more 
switch state selection modes from a storage location in 
computer-readable medium 116. As still another example, 
the one or more switch state selection modes may be 
received by reading the one or more switch state selection 
modes from a command line that triggers execution of 
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control application 120. In an alternative embodiment, the 
switch state selection mode may not be selectable such that 
control application 120 implements a predefined switch state 
selection mode. 

If a plurality of switch state selection modes are received, 5 

an order of application is defined. For example, each switch 
state selection mode may be applied in the order listed or in 

16 
A switch state selection mode that minimizes a capacitor 

current selects a switch vector that achieves a minimum 
capacitor current leap 1102 through link capacitor 110 each 
subcycle. 

In an operation 1214, a determination is made concerning 
whether or not the one or more switch state selection modes 
include "minimize switch state changes". When the one or 
more switch state selection mode includes "minimize switch 
state changes", processing continues in an operation 1216. 

10 When the one or more switch state selection mode does not 

an order indicated by a numerical value associated with each 
switch state selection mode. Illustrative switch state selec
tion modes include "minimize a capacitor voltage ripple", 
"minimize switch state changes", "minimize a capacitor 
voltage deviation", "minimize a capacitor current", etc. Of 
course, the switch state selection modes may be labeled or 
selected in a variety of different manners by the user as 

15 
understood by a person of skill in the art. 

A switch state selection mode that minimizes a capacitor 
voltage ripple selects reduced switching functions g1 for each 
subcycle that result in a minimum capacitor voltage ripple 
across link capacitor 110 such that J c=Min[ li. V cap-ripple]. 20 

Minimization of the capacitor ripple voltage in a subcycle 
may be achieved by minimizing a capacitor power input or 
capacitor power output. For example, assume that link 
capacitor 110 is at nominal capacitor voltage value V N Let 
capacitor current leap 1102 and an average of capacitor 25 

voltage V cap 626 across link capacitor 110 during subcycle 
Q be IcapQ and V capQ, respectively. Let capacitor voltage 
V cap 626 across link capacitor 110 after a charge/discharge 
cycle be VP. Equations (3) and (4) provide a quantitative 

30 representation of capacitor current leap 1102 and capacitor 
voltage V cap 626 

include "minimize switch state changes", processing con
tinues in an operation 1218. 

In operation 1216, a first indicator of maximum number 
of switch state changes per subcycle Ms may be received. 
For example, the first indicator may be received after a 
selection from a user interface window or after entry by a 
user into a user interface window presented under control of 
control application 120. As another example, maximum 
number of switch state changes per subcycle Ms may be 
received by reading maximum number of switch state 
changes per subcycle Ms from a storage location in com-
puter-readable medium 116. As still another example, maxi
mum number of switch state changes per subcycle Ms may 
be received by reading maximum number of switch state 
changes per subcycle Ms from a command line that triggers 
execution of control application 120. In an alternative 
embodiment, Ms may not be selectable. Instead, a fixed, 
predefined value may be used. Ms is at least two and may be 
defined based on the number of independent loads and 
sources. 

In operation 1218, a number of switching subcycles 
lLs=lL+Js is determined by computing the total number of 
"independent" sources and loads connected to link capacitor 

dVc Vp-VN 
lcapQ = -C- = -C---

(3) 110 based on the load type of the one or more loads and the 
35 source type of the one or more sources as discussed previ

ously. Within a switching period, additional idle subcycles 
may be included in addition to the determined number of 
switching subcycles. To determine the number of switching 

dt dQTs 

Vp + VN 
V CapQ = dQ --2-

(4) 

where dQ is a duty ratio during subcycle Q. 
Combining equations (3) and (4) results in 

2 2VcapQICapQ 2 
Vp = - Cf, + VN. 

Assuming that V M C, and f, are constant during a subcycle, 
the voltage VP and therefore, the capacitor voltage ripple 
V P-V N is determined by the product V capQicapQ' which is 
the power throughput into link capacitor 110 in that sub
cycle. 

A switch state selection mode that minimizes switch state 
changes minimizes a number of switch state changes each 
subcycle to less than or equal to a predefined maximum 
number of switch state changes per subcycle Ms. 

subcycles lLs, when the load type is AC, JL=~,~iNAcr(N0L,-

40 1 ), where N ACL is a number of AC load circuits of the one 
or more loads and N0 L, is a number of load phases of a 
respective AC load circuit. When the load type is DC, 
JL=NncD where NncL is a number of DC load circuits of the 
one or more loads. Similarly, when the source type is AC, 

45 ls=~,~iNAcs(N0 s,-l), where NAcs is a number of AC source 
circuits of the one or more sources and N0 s, is a number of 
source phases of a respective AC source circuit. When the 
source type is DC, J s=N ncs, where N ncs is a number of DC 
source circuits of the one or more sources. There may be a 

50 combination of AC sources and DC sources. In that case, 
ls=~,~iNAcs(N0 s,-l)+Nncs· Similarly, there may be a com
bination of AC loads and DC loads. In that case, JL=~,~1NAcr 

CNrn-l)+NncL·l 
In an operation 1220, load values of a load voltage and a 

55 load current are received for each of the one or more loads. 
For example, the load values may be read from computer
readable medium 116 or received as electrical signals from 
sensors mounted to the one or more loads. The load voltage 
values or the load current values or both may also be 

60 estimated using load models. 

A switch state selection mode that minimizes a capacitor 
voltage deviation from nominal capacitor voltage value V N 

leads to less variation in capacitor voltage V cap 626 and 
avoids a high bus voltage. In general, minimizing a capacitor 
voltage deviation from nominal capacitor voltage value V N 

may be achieved by alternating between a charge and a 
discharge cycle of link capacitor 110 leading to alternative 
negative and positive values for capacitor current leap 1102. 65 

A positive value for capacitor current leap 1102 leads to a 
discharge cycle and vice versa. 

In an operation 1222, when the load type is AC, the sector 
is determined based on the received load values for the load 
voltages, and each phase A, B, and C is allocated to p, i, and 
n in the case of a three-phase AC load type. 

In an operation 1224, source values of a source voltage 
and a source current are received for each of the one or more 
sources. For example, the source values may be read from 
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computer-readable medium 116 or received as electrical 
signals from sensors mounted to the one or more sources. 
The source voltage values or the source current values or 
both may also be estimated using source models. 

18 
line-line terminals are appropriately selected and used. For 
example, at time instant 706 of FIG. 7, the electrical signals 
from V AB m and V Bc m are used in equation ( 5b) as pi= AB and 
in=BC 

In an operation 1226, when the source type is AC, the 5 

sector is determined based on the received source values for 
the source voltages, and each phase A, B, and C is allocated 

In an operation 1236, a determination is made concerning 
whether or not any error in average voltage is zero. When an 
error in average voltage is not zero, processing continues in 
operation 1234 until an error in average voltage is zero. to p, i, and n in the case of a three-phase AC source type. 

In an operation 1228, a first reduced switch vector is 
selected based on the switch state selection mode(s). The 10 

first reduced switch vector defines a reduced switching 
function g1 for each of lLs switches for a first subcycle Q=l 

When an error in average voltage is zero, processing con
tinues in an operation 1238. For example, the determination 
is whether or not any of enc, ep,, or e,n has reached zero 
based on the switch vector. 

In operation 1238, the switch associated with the average 
voltage reaching zero is indicated as in the 'off' configura
tion a remainder of the current switching period. For 
example, a switch configuration of j=DC, pi, in is indicated 
as 'off' because the source or the load circuit associated with 
the switch has reached its required average voltage. 

In an operation 1240, a next reduced switch vector is 

of a current switching period having a start time TN. For 
example, in the illustrative embodiment of FIG. 11, the first 
reduced switch vector defines a switch state for source 15 

control switch 504, p-phase circuit switch 1104, and n-phase 
circuit switch 1110. For example, if source control switch 
504 and p-phase circuit switch 1104 are in the 'on' configu
ration and n-phase circuit switch 1110 is in the 'off' con
figuration, first reduced switch vector is {1,1,0}. 20 selected based on the switch state selection mode(s ). Q may 

be incremented, Q=Q+ 1. The next reduced switch vector 
defines a reduced switching function gQ for each of the 
remaining switches (not indicated as in the 'off' configura-
tion in operation 1238) for a next subcycle Q of the current 
switching period. 

In an operation 1242, the selected next reduced switch 
vector is mapped to a next switch vector that defines 
switching function hk from reduced switching function gJ" 
Again, if the source type is DC and the load type is DC, there 

In an operation 1230, the selected first reduced switch 
vector is mapped to a first switch vector that defines switch
ing function hk from reduced switching function gi' for 
example, using Table 1 for the illustrative embodiment of 
FIG. 6. If the source type is DC and the load type is DC, 25 

there is no reduced switch vector so the switch vector is 
selected in operation 1228 and operation 1230 is not per
formed. First switch vector defines a switch state or con
figuration for each load switch of the one or more loads and 
each source switch of the one or more sources. For example, 30 is no reduced switch vector so the switch vector for switch

ing function hk is selected in operation 1240 and operation 
1242 is not performed. 

in the illustrative embodiment of FIG. 6, the first switch 
vector defines a switch state for each ofk=DC, A, B, C. For 
example, if source control switch 504 and first half-bridge 
230 are in the 'on' configuration and second half-bridge 232 
and third half-bridge 234 are in the 'off' configuration, first 
switch vector is {1,1,0,0}. 

In an operation 1232, the load and source switches (e.g. 
source control switch 504, first half-bridge 230, second 
half-bridge 232, and third half-bridge 234) are controlled 
based on the switch state defined by the first switch vector. 
For example, gating signals are sent to each transistor switch 
300 of each half-bridge 230, 232, 234 and of source control 
switch 504 to control each switch to the 'on' or 'off' 
configuration indicated by the first switch vector. 

In an operation 1244, the load and source switches ( e.g. 
source control switch 504, first half-bridge 230, a second 

35 half-bridge 232, and third half-bridge 234) are controlled 
based on the switch state defined by the next switch vector 
selected in operation 1242. 

In an operation 1246, a determination is made concerning 
whether or not a last switching subcycle is the next subcycle. 

40 When the last switching subcycle is the next subcycle, 
processing continues in an operation 1248. When the last 
switching subcycle is not the next subcycle, processing 
continues in operation 1234. For example, the determination 
is whether or not Q=lLs· 

Referring to FIG. 12B, in an operation 1234, an error in 45 

average voltage across each load and source switch may be 
determined based on equation (5a) using the electrical 
signals from the voltage sensors mounted on link capacitor 
110 

In operation 1248, capacitor voltage V cap 626 is received. 
For example, capacitor voltage V cap 626 is received as an 
electrical signal from a voltage sensor that measures the 
voltage between top bus 236 and bottom bus 238. 

In an operation 1250, a determination is made concerning 

(5a) 

where j=DC, pi, in in the illustrative embodiment of FIG. 11 
such that gnci is the reduced switch vector of source DC 
during first subcycle, gnc2 is a reduced switch vector of 
source DC during second subcycle, gnc3 is a reduced switch 
vector of source DC during third subcycle, and V nc * is the 
associated desired voltage. The error in average voltage 
across each load and source switch may also be determined 
by directly using the electrical signals from the voltage 
sensors mounted on the loads and sources by using equation 
(5b) 

(5b) 

where, V1 m is the voltage measured across the source or load 
j. When j=DC, electrical signals from the voltage sensors 
mounted on the DC source is used. Whenj=pi, in, electrical 
signals from the voltage sensors mounted on the AC load 

50 whether or not capacitor voltage V cap 626 is equal to 
nominal capacitor voltage value V N· When V cap =V N, pro
cessing continues in an operation 1252. When V cap-'V N, 

processing continues in operation 1248 until V cap =V N 

In operation 1252, the load and source switches ( e.g. 
55 source control switch 504, first half-bridge 230, a second 

half-bridge 232, and third half-bridge 234) are all discon
nected or set to the 'off' configuration until an end of the 
switching period defined as T ~ T,, and processing continues 
in operation 1220 to continue to operate converter 106 to 

60 provide the load voltages and currents for the next switching 
period TN=TN+T

5
• 

The end of the subcycles may be implemented dynami
cally by monitoring the error in desired average voltages. 
Alternatively, the sequence for each subcycle can be deter-

65 mined a priori for a complete cycle. For example, for a 
predetermined switch state selection mode(s), the switch 
vector for each subcycle for each switching period of the 
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various operations may be performed in various repetitions, 
concurrently, and/or in other orders than those that are 
illustrated. As understood by a person of skill in the art, 
various operations may be performed in parallel, for 

5 example, using a plurality of threads or a plurality of 

complete AC switching frequency cycle can be computed 
and saved to switch sequence data 1312. Instead of com
puting the switch vectors as in FIGS. 12A and 12B, the 
switch vectors can be read from switch sequence data 1312 
and the duration times can be calculated depending on the 
instant of operation and applied to converter 106. Switch 
sequence data 1312 may include a plurality of rows and a 
plurality of columns with each row defining a switch vector 
that is applied. With a fixed switching state sequence, 
instead of computing error voltages, duty ratios can be 10 

calculated depending on the instant of time of the operation. 
Active calculation of duty ratios can incorporate non steady
state conditions as well. 

Referring to FIG. 13, a block diagram of a switch vector 
determination device 1300 is shown in accordance with an 15 

illustrative embodiment. Switch vector determination device 
1300 may include a second input interface 1302, a second 
output interface 1304, a second non-transitory computer
readable medium 1306, a second processor 1308, a switch 
vector determination application 1310, and switch sequence 20 

data 1312. Fewer, different, and/or additional components 
may be incorporated into switch vector determination device 
1300. 

Second input interface 1302 provides the same or similar 
functionality as that described with reference to input inter- 25 

face 112 of controller 108 though referring to switch vector 
determination device 1300. Second output interface 1304 
provides the same or similar functionality as that described 
with reference to output interface 114 of controller 108 
though referring to switch vector determination device 1300. 30 

Second computer-readable medium 1306 provides the same 

processors. 
Switch vector determination application 1310 may 

include operations 1200 to 1230 described with reference to 
FIG. 12A. 

After operation 1230, in an operation 1400, a duty ratio is 
computed. Let the duty ratio during subcycle Q be dQ. Let 
the equivalent current in link capacitor 110 during subcycle 
Q be IeQ· Let the equivalent voltage in link capacitor 110 
during subcycle Q be VeQ· Let the power throughput in the 
capacitor during subcycle Q be P eQ=VeQieQ· During the first 
subcyle Q=l, 

(6) 

(7) 

where v c is the capacitor voltage, and V Pl is a capacitor 
voltage after the first subcyle. V Pl can be eliminated from 
equations (6) and (7) to obtain an expression for the duty 
ratio 

or similar functionality as that described with reference to 
computer-readable medium 116 of controller 108 though 
referring to switch vector determination device 1300. Sec
ond processor 1308 provides the same or similar function
ality as that described with reference to processor 118 of 
controller 108 though referring to switch vector determina
tion device 1300. 

35 V Pl can be determined using 

Switch vector determination application 1310 performs 
operations associated with computing the switch vectors as 
in FIGS. 12A and 12B except outputting the computed 
switch vectors to switch sequence data 1312 instead of 
dynamically controlling the switch states. The operations 
may be implemented using hardware, firmware, software, or 
any combination of these methods. 

40 

45 

Referring to the example embodiment of FIG. 13, switch 
vector determination application 1310 is implemented in 
software ( comprised of computer-readable and/or computer
executable instructions) stored in second computer-readable 
medium 1306 and accessible by second processor 1308 for 50 

execution of the instructions that embody the operations of 
switch vector determination application 1310. Switch vector 
determination application 1310 may be written using one or 
more programming languages, assembly languages, script
ing languages, etc. 55 

Referring to FIGS. 14A and 14B, example operations 
associated with switch vector determination application 
1310 are described. Switch vector determination application 
1310 may determine switch vectors and a subcycle duration 
for each switch vector as a function of time when the 60 

operating conditions of the source circuits and the load 
circuits are known. The determined switch vectors are stored 
to switch sequence data 1312. Additional, fewer, or different 
operations may be performed depending on the embodi
ment. The order of presentation of the operations of FIGS. 65 

14A and 14B is not intended to be limiting. Although some 
of the operational flows are presented in sequence, the 

Each subcycle has the same type of capacitor charge/ 
discharge cycle as the first subcycle. Hence, the d1 expres-
sion can be generalized for subsequent subcycle as provided 
in equation (8), 

VhQ -2V,QI,Q l 
Cf, 

(8) 

where the final voltage of subcycle Q or the starting voltage 
for the next subcycle Q+ 1, (V Pl in the above case) can be 
determined using 

(9) 

where VeQ is the lesser of the two voltages in the Qth 

capacitor charge/discharge cycle. 
In an operation 1402, a subcycle duration is computed as 

an inverse of the computed duty ratio times the switching 
frequency fs. 

In an operation 1404, the first switch vector and the 
computed subcycle duration are output to switch sequence 
data 1312. 
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In an operation 1406, a voltage across the capacitor after 
the end of the subcycle is computed using equation (9). 

Similar to operation 1238, in an operation 1408, the 
switch associated with the computed voltage reaching zero 
is indicated as in the 'off' configuration a remainder of the 
current switching period. 

After operation 1408, switch vector determination appli
cation 1310 may include operations 1240 and 1242 
described with reference to FIG. 12B. 

After operation 1242, in an operation 1410, the duty ratio 
for a next subcycle is computed using equation (8). 

In an operation 1412, a subcycle duration for the next 
subcycle is computed as an inverse of the computed next 
duty ratio times the switching frequency fs. 

In an operation 1414, the next switch vector and the 
computed next subcycle duration are output to switch 
sequence data 1312. 

After operation 1414, switch vector determination appli
cation 1310 may include operations 1248 and 1250 
described with reference to FIG. 12B except when 
V cap =V N' processing continues in an operation 1418. 

In an operation 1416, a determination is made concerning 
whether or not the last switching subcycle has been pro
cessed. When the last switching subcycle has been pro
cessed, processing continues in operation 1406. When the 
last switching subcycle has not been processed, processing 
continues in operation 1418. For example, the determination 
is whether or not Q>lLs· 

In operation 1418, the subcycle duration is computed 
from the current time to the end of the switching period and 
the 'off' switch vector and subcycle duration are output to 
switch sequence data 1312. 

In an operation 1420, a determination is made concerning 
whether or not the complete AC operating frequency cycle 
has been processed. When the complete cycle has been 
processed, processing is done. When the complete cycle has 
not been processed, processing continues in operation 1220 
of FIG. 14A to compute the switch vectors for the next 
switching period. For example, FIG. 6 shows a complete 
voltage cycle for a three-phase AC system. The next cycle is 
a repetition of the complete cycle. 

Referring to FIG. 15, a block diagram of a second energy 
transfer system 100a is shown in accordance with a second 
illustrative embodiment. Second energy transfer system 
100a may include source system 102, load system 104, 
converter 106, a second controller 108a, and link capacitor 
110. Switch vector determination device 1300 may be inte
grated with second controller 108a. Switch vector determi
nation device 1300 and second controller 108a further may 

22 
Second controller 108a may include a third input interface 

1502, a third output interface 1504, a third computer
readable medium 1506, a third processor 1508, a second 
control application 120a, and switch sequence data 1312. 

5 Fewer, different, and additional components may be incor
porated into second controller 108a. For example, second 
controller 108a may include a communication interface (not 
shown). 

Third input interface 1502 provides the same or similar 
10 functionality as that described with reference to input inter

face 112 of controller 108 though referring to second con
troller 108a. Third output interface 1504 provides the same 
or similar functionality as that described with reference to 

15 
output interface 114 of controller 108 though referring to 
second controller 108a. Third computer-readable medium 
1506 provides the same or similar functionality as that 
described with reference to computer-readable medium 116 
of controller 108 though referring to second controller 108a. 

20 Third processor 1508 provides the same or similar function
ality as that described with reference to processor 118 of 
controller 108 though referring to second controller 108a. 

Second control application 120a performs operations 
associated with controlling converter 106 based on switch 

25 vectors and subycycle durations read from switch sequence 
data 1312. The operations may be implemented using hard
ware, firmware, software, or any combination of these 
methods. Referring to the example embodiment of FIG. 15, 
second control application 120a is implemented in software 

30 (comprised of computer-readable and/or computer-execut
able instructions) stored in third computer-readable medium 
1506 and accessible by third processor 1508 for execution of 
the instructions that embody the operations of second con
trol application 120a. Second control application 120a may 

35 be written using one or more programming languages, 
assembly languages, scripting languages, etc. 

Referring to FIG. 16, example operations associated with 
second control application 120a are described. Second con
trol application 120a may control converter 106 operating as 

40 a DC-AC inverter, a DC-AC rectifier, a DC-DC converter, or 
an AC-AC converter with any number ofloads and sources. 
Additional, fewer, or different operations may be performed 
depending on the embodiment. The order of presentation of 
the operations of FIG. 16 is not intended to be limiting. 

45 Although some of the operational flows are presented in 
sequence, the various operations may be performed in 
various repetitions, concurrently, and/or in other orders than 
those that are illustrated. As understood by a person of skill 
in the art, various operations may be performed in parallel, 

50 for example, using a plurality of threads or a plurality of be integrated with energy transfer system 100. For example, 
for a first complete cycle, control application 120 may 
determine the switch vectors dynamically as described with 
reference to FIGS. 12A and 12B. In this embodiment, 
control application 120 controls the switch states and out
puts the switch vectors with a subcycle duration for each 55 

switch vector to switch sequence data 1312 as described in 
operations 1400, 1402, 1404, 1410, 1412, and 1414 referring 

processors. 
In an operation 1600, a second indicator may be received 

that indicates switch sequence data 1312. For example, the 
second indicator indicates a location and a name of switch 
sequence data 1312. As an example, the second indicator 
may be received after selection from a user interface win
dow or after entry by a user into a user interface window. In 
an alternative embodiment, switch sequence data 1312 may 
not be selectable. For example, a most recently created 
dataset may be used automatically. Switch sequence data 
1312 may be read into a local memory or a cache of third 
computer-readable medium 1506 for rapid access by second 
controller 108a. 

to FIGS. 14A and 14B. Subsequent cycles may be imple
mented using second controller 108a. 

Second controller 108a may control converter 106 to act 60 

as an inverter, a rectifier, and/or a frequency converter. 
Second controller 108a is electrically connected to converter 
106. Second controller 108a controls the supply of power 
from source system 102 to load system 104 through com
mand signals input to converter 106. The command signals 65 

are generated by second controller 108a based on switch 
vectors read from switch sequence data 1312. 

In an operation 1602, the first switch vector and the 
subcycle duration for the first switch vector are selected 
from switch sequence data 1312, for example, by reading a 
first non-header record from switch sequence data 1312. 
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In an operation 1604, the load and source switches (e.g. 
source control switch 504, first half-bridge 230, a second 
half-bridge 232, and third half-bridge 234) are controlled 
based on the switch state defined by the first switch vector 
selected in operation 1602. 

24 
there were additional currents a mm1mum would be 
selected. According to Table 1, second switch vector SY was 
selected as [1,1,1,0], which corresponds to source control 
switch 504, second half-bridge 232 and first half-bridge 230 

5 in the 'on' configuration and third half-bridge 234 in the 'off' 
configuration until tYe· For the period from txe to tye, vp,=0 
and V nc=V,n =V cap- At tYe, enc=0. As a result, source 
control switch 504 1s switched to the 'off' configuration the 
remainder of the switching period Ts. The average voltage 

In an operation 1606, a determination is made concerning 
whether or not it is time to change the switch state for the 
next subcycle. When it is time to switch, processing con
tinues in an operation 1608. When it is not time to switch, 
processing continues in operation 1606 until it is time. As a 10 

result, the switch state is maintained for the subcycle dura
tion. 

across link capacitor 110 is 0.07. Since n-phase circuit 
switch 1110 was in the 'on' configuration, e,n =0.69-
0.07=0.62, its remaining value. The second subcycle dura
tion is tye-txe· 

In operation 1608, a determination is made concerning 
whether or not the end of the switch sequence data has been 
reached. When the end of the switch sequence data has been 
reached, processing continues in operation 1602 to repeat 
the selection of the switch vectors for the next cycle. When 
the end of the switch sequence data has not been reached, 
processing continues in an operation 1610. 

In operation 1610, the next switch vector and the subcycle 
duration for the next switch vector are selected from switch 
sequence data 1312, for example, by reading a next record 
from switch sequence data 1312 or accessing a next memory 
location. Processing continues in operation 1604 to control 
the switches based on the next switch vector. 

To illustrate operation of control application 120, as stated 
previously, a switching period at time instant 706 has values 
for V nc=l, VA=0.85, VB=-0.08, V c=-0.77, and IA=0.64, 
IB=-0.06, Ic=-0.58, and Inc=-1. In terms of the reduced 
circuit values, VP=VA, Vn=V O and V,=VBmakingVP,=VAB' 
v,n =V BC, Ip,=IA=0.64 and I,n =-Ic=0.58. 

Assume that switch state selection mode is "minimize a 
capacitor current". Referring to FIG. 17, capacitor voltage 
V cap curve 1700 shows the J Ls=3 subcycles X, Y, Z. As 
stated previously, to minimize the capacitor current, the 
minimum absolute value of current is considered. Equiva
lent capacitor current leap curve 1702 shows the current. DC 
error curve 1704 shows enc for each subcycle X, Y, Z based 
on J Ls=3 subcycles. PI error curve 1706 shows ep, for each 
subcycle X, Y, Z. IN error curve 1708 shows in for each 
subcycle X, Y, Z. A first reduced switch vector Srx was 
selected as [1,1,0] because leap can be selected from 
Ip,=0.64, I,n=0.58, Inc=-1, Inc+Ip,=0.36, and Inc+I,n=-
0.42. The minimum absolute value of the current is I Inc+ 
IP,1=0.36, which corresponds to source control switch 504 
and p-phase circuit switch 1104 in the 'on' configuration and 
n-phase circuit switch 1110 in the 'off' configuration. 
According to Table 1, first switch vector S x was selected as 
[1,1,0,0], which corresponds to source control switch 504 
and first half-bridge 230 in the 'on' configuration and second 
half-bridge 232 and third half-bridge 234 in the 'off' con
figuration until txe· For the period from TN to txe, 
vp,=V nc=V Cap and v,n =0. At txe, ep,=0, because vp,<V DC· 
As a result, p-phase circuit switch 1104 is switched to the 
'off' configuration the remainder of the switching period Ts. 
The average voltage across link capacitor 110 is 0.93. As a 
result, at txe, enc=l-0.93=0.07. Since n-phase circuit switch 
1110 was in the 'off' configuration, e,n =V,n *=0.69, its com
manded value. The first subcycle duration is txe-TN 

For the next subcycle Y, the states for only source control 
switch 504 and n-phase circuit switch 1110 remain. A second 
reduced switch vector SrY was selected as [1,0,1] because 
leap can be selected from I,n =0.58, Inc=-1, and Inc+ 
I,n=-0.42. Inc+I,n=0.42 results in minimum absolute value 
of the current, which corresponds to source control switch 
504 and n-phase circuit switch 1110 in the 'on' configuration 
and p-phase circuit switch 1104 in the 'off' configuration. If 

For the last subcycle Z, the state for only n-phase circuit 
switch 1110 remains. A third reduced switch vector Srz was 

15 selected as [0,0,1] and leap was selected as I,n =0.58, which 
corresponds to n-phase circuit switch 1110 in the 'on' 
configuration and p-phase circuit switch 1104 and source 
control switch 504 in the 'off' configuration. According to 
Table 1, third switch vector S2 was selected as [0,1,1,0], 

20 which corresponds to first half-bridge 230 and second half
bridge 232 in the 'on' configuration and source control 
switch 504 and third half-bridge 234 in the 'off' configura
tion until tu The end of the third subcycle is determined 
when V N=V cap- The third subcycle duration is t2 e-tYe· The 

25 remaining time until the end of the switching period is 
Ts-tze· As a result, an idle switch vector S, may be selected 
as [0,0,0,0] or [0,1,1,1] for an idle subcycle duration Ts-tze· 

As another example, assume that switch state selection 
mode is "minimize a capacitor voltage ripple" for the same 

30 time instant 706. A first reduced switch vector Srx was 
selected as [1,0,1] based on a minimum power flow into link 
capacitor 110 ofV,n *Cinc+I,n)=-0.29, which corresponds to 
source control switch 504 and n-phase circuit switch 1110 in 
the 'on' configuration and p-phase circuit switch 1104 in the 

35 'off' configuration. According to Table 1, first switch vector 
Sx was selected as [1,1,1,0], which corresponds to source 
control switch 504, first half-bridge 230, and second half
bridge 232 in the 'on' configuration and third half-bridge 
234 in the 'off' configuration until txe· For the period from 

40 TN to txe, v,n =V nc=V Cap and vp,=0. At txe, e,n =0, because 
V,n <V nc· As a result, n-phase circuit switch 1110 is 
switched to the 'off' configuration the remainder of the 
switching period Ts· The average voltage across link capaci
tor 110 is 0.69. As a result, at txe, enc=l-0.69=0.31. Since 

45 p-phase circuit switch 1104 was in the 'off' configuration, 
ep,=VP,*=0.93, its commanded value. The first subcycle 
duration is txe -TN 

For the next subcycle Y, the states for only source control 
switch 504 and p-phase circuit switch 1104 remain. A second 

50 reduced switch vector Srywas selected as [1,1,0] based on 
a minimum power flow into link capacitor 110 ofVP,*Cinc+ 
Ip,)=0.93(-0.36), which corresponds to source control 
switch 504 and p-phase circuit switch 1104 in the 'on' 
configuration and n-phase circuit switch 1110 in the 'off' 

55 configuration. According to Table 1, second switch vector SY 
was selected as [1,1,0,0], which corresponds to second 
half-bridge 232 and third half-bridge 234 in the 'off' con
figuration and source control switch 504 and first half-bridge 
230 in the 'on' configuration until tYe· For the period from txe 

60 to tye, vp,=V nc=V Cap and v,n =0. At tYe, edc =0, because 
V nc<Vp,· As a result, source control switch 504 is switched 
to the 'off' configuration the remainder of the switching 
period Ts. The average voltage across link capacitor 110 is 
0.31. ep,=0.93-0.31=0.62, its remaining value. The second 

65 subcycle duration is tye-txe· 
For the last subcycle Z, the state for only p-phase circuit 

switch 1104 remains. A third reduced switch vector Srz was 
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selected as [0,1,0], which corresponds to p-phase circuit 
switch 1104 in the 'on' configuration and source control 
switch 504 and n-phase circuit switch 1110 in the 'off' 
configuration. According to Table 1, third switch vector S2 

was selected as [0,1,0,0], which corresponds to first half
bridge 230 in the 'on' configuration and second half-bridge 
232, source control switch 504, and third half-bridge 234 in 
the 'off' configuration until tze· The end of the third subcycle 
is determined when V N=V cap- The third subcycle duration is 
t2 e-tYe. The remaining time until the end of the switching 
period is Ts-tze· As a result, an idle switch vector S, may be 
selected as [0,0,0,0] or [0,1,1,1] for an idle subcycle duration 
Ts-tze· 

As yet another example, assume that switch state selec
tion mode is "minimize switch state changes" for the same 
time instant 706 and maximum number of switch state 
changes per subcycle Ms=2. A first reduced switch vector 
Srx was selected as [1,1,0] by making a random selection 
from IP,=0.64, I,n=0.58, Inc=-1, Inc+IP,=0.36, and Inc+ 
I,n =-0.42, which corresponds to source control switch 504 
and p-phase circuit switch 1110 in the 'on' configuration and 
n-phase circuit switch 1104 in the 'off' configuration. 
According to Table 1, first switch vector S x was selected as 
[1,1,0,0], which corresponds to source control switch 504 
and first half-bridge 230 in the 'on' configuration and second 
half-bridge 232 and third half-bridge 234 in the 'off' con
figuration until txe· For the period from TN to txe, 
vp,=V nc=V cap and v,n =0. At txe, ep,=0, because vp,<V DC
As a result, p-phase circuit switch 1104 is switched to the 
'off' configuration the remainder of the switching period Ts. 
The average voltage across link capacitor 110 is 0.93. As a 
result, at txe, enc=l-0.93=0.07. Since n-phase circuit switch 
1110 was in the 'off' configuration, e,n =V,n *=0.69, its com
manded value. The first subcycle duration is txe -TN 

For the next subcycle Y, the states for only source control 
switch 504 and n-phase circuit switch 1110 remain. A second 
reduced switch vector SrY was selected as [1,0,1] based on 
allowing only one other switch in addition top-phase circuit 
switch 1104 being switched to the 'off' configuration to 
change state ( <2), which corresponds to source control 
switch 504 and n-phase circuit switch 1110 in the 'on' 
configuration and p-phase circuit switch 1104 in the 'off' 
configuration. According to Table 1, second switch vector Sy 
was selected as [1,1,1,0], which corresponds to third half
bridge 234 in the 'off' configuration and second half-bridge 
232, source control switch 504, and first half-bridge 230 in 
the 'on' configuration until tYe. For the period from txe to tYe, 
v,n =V nc=V Cap and vp,=0. At tye, edc=0, because V nc<V,n. 
As a result, source control switch 504 is switched to the 'off' 
configuration the remainder of the switching period Ts. The 
average voltage across link capacitor 110 is 0.07. e,n =0.69-
0.07=0.62, its remaining value. The second subcycle dura
tion is tYe-txe· 

For the last subcycle Z, the state for only n-phase circuit 
switch 1110 remains. A third reduced switch vector Srz was 
selected as [0,0,1], which corresponds to n-phase circuit 
switch 1110 in the 'on' configuration and source control 
switch 504 and p-phase circuit switch 1104 in the 'off' 
configuration. According to Table 1, third switch vector S2 

was selected as [0,1,1,0], which corresponds to first half
bridge 230 and second half-bridge 232 in the 'on' configu
ration and source control switch 504 and third half-bridge 
234 in the 'off' configuration until tze· The end of the third 
subcycle is determined when V N=V cw The third subcycle 
duration is t2 e-tYe· The remaining time until the end of the 

26 
switching period is Ts-tze· As a result, an idle switch vector 
S, may be selected as [0,0,0,0] or [0,1,1,1] for an idle 
subcycle duration Ts-tze· 

As still another example, assume that switch state selec-
5 tion mode is "minimize a capacitor voltage deviation" for 

the same time instant 706. A first reduced switch vector Srx 
was selected as [ 1,0, 1] based on a minimum power flow into 
link capacitor 110 of V,n *Cinc+I,n)=-0.29, which corre
sponds to source control switch 504 and n-phase circuit 

10 switch 1110 in the 'on' configuration and p-phase circuit 
switch 1104 in the 'off' configuration. According to Table 1, 
first switch vector Sx was selected as [1,1,1,0], which 
corresponds to source control switch 504, first half-bridge 
230, and second half-bridge 232 in the 'on' configuration 

15 and third half-bridge 234 in the 'off' configuration until txe· 
For the period from TN to txe, v,n =V nc=V Cap and vp,=0. At 
txe, e,n =0, because V,n <V nc· As a result, n-phase circuit 
switch 1110 is switched to the 'off' configuration the remain
der of the switching period Ts. The average voltage across 

20 link capacitor 110 is 0.69. As a result, at txe, enc=l-
0.69=0.31. Since p-phase circuit switch 1104 was in the 'off' 
configuration, ep,=VP, *=0.93, its commanded value. The 
first subcycle duration is txe -TN 

For the next subcycle Y, the states for only source control 
25 switch 504 and p-phase circuit switch 1104 remain. A second 

reduced switch vector Srywas selected as [0,1,0] so that link 
capacitor 110 is discharged (because subcycle X was a 
charge cycle), which corresponds top-phase circuit switch 
1104 in the 'on' configuration and source control switch 504 

30 and n-phase circuit switch 1110 in the 'off' configuration. 
According to Table 1, second switch vector Sy was selected 
as [0,1,0,0], which corresponds to first half-bridge 230 in the 
'on' configuration and source control switch 504, second 
half-bridge 232, and third half-bridge 234 in the 'off' 

35 configuration until tYe· For the period from txe to tye, 
v,n =V nc=0 and vp,=V Cap- At tYe, ep,=0 As a result, p-phase 
circuit switch 1104 is switched to the 'off' configuration the 
remainder of the switching period Ts. The average voltage 
across link capacitor 110 is 0.93. The second subcycle 

40 duration is tYe-txe· 
For the last subcycle Z, the state for only source control 

switch 504 remains. A third reduced switch vector Srz was 
selected as [1,0,0], which corresponds to source control 
switch 504 in the 'on' configuration and n-phase circuit 

45 switch 1110 and p-phase circuit switch 1104 in the 'off' 
configuration. According to Table 1, third switch vector S2 

was selected as [1,0,0,0], which corresponds to source 
control switch 504 in the 'on' configuration and first half
bridge 230, second half-bridge 232, and third half-bridge 

50 234 in the 'off' configuration until tze· The end of the third 
subcycle is determined when V N=V cap- The third subcycle 
duration is t2 e-tYe· The remaining time until the end of the 
switching period is Ts-tze· As a result, an idle switch vector 
S, may be selected as [0,0,0,0] or [0,1,1,1] for an idle 

55 subcycle duration Ts-tze· 
As stated previously, converter 106 and controller 108 

may be used for any number of DC and AC sources or loads 
with application of the switch state selection mode(s) 
applied in a similar manner. The size of link capacitor 110 

60 can be reduced by several orders of magnitude ( e.g., 1 µF 
compared to 100-2000 µF) without increasing the voltage 
ratings of the semiconductor devices that make up converter 
106. Electrolytic capacitors for link capacitor 110 can be 
replaced by film capacitors which have a much longer 

65 lifespan. The weight and volume of energy transfer system 
100 and/or second energy transfer system 100a also can be 
significantly reduced. 
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As used in this disclosure, the term "connect" indicates an 
electrical connection whether by wire or by air or some other 
medium that conducts an electrical signal. "Connect" 
encompasses a direct connection (in which the referenced 
elements are in direct contact) and an indirect connection (in 5 

which the referenced elements are not in direct contact, but 
are connected via intermediate elements). 

The word "illustrative" is used herein to mean serving as 
an example, instance, or illustration. Any aspect or design 
described herein as "illustrative" is not necessarily to be 10 

construed as preferred or advantageous over other aspects or 
designs. Further, for the purposes of this disclosure and 
unless otherwise specified, "a" or "an" means "one or 
more". Still further, using "and" or "or" in the detailed 
description is intended to include "and/or" unless specifi- 15 

cally indicated otherwise. The illustrative embodiments may 
be implemented as a method, apparatus, or article of manu
facture using standard programming and/or engineering 
techniques to produce software, firmware, hardware, or any 
combination thereof to control a computer to implement the 20 

disclosed embodiments. 
The foregoing description of illustrative embodiments of 

the disclosed subject matter has been presented for purposes 
of illustration and of description. It is not intended to be 
exhaustive or to limit the disclosed subject matter to the 25 

precise form disclosed, and modifications and variations are 
possible in light of the above teachings or may be acquired 
from practice of the disclosed subject matter. The embodi
ments were chosen and described in order to explain the 
principles of the disclosed subject matter and as practical 30 

applications of the disclosed subject matter to enable one 
skilled in the art to utilize the disclosed subject matter in 
various embodiments and with various modifications as 
suited to the particular use contemplated. 

What is claimed is: 
1. A non-transitory computer-readable medium having 

stored thereon computer-readable instructions that when 
executed by a processor cause the processor to: 

35 

receive a time period value of a switching period; 
determine a number of switching subcycles during the 40 

switching period; 
receive a load voltage value and a load current value for 

28 
capacitor and the load switch or the source switch, and 
during the off configuration the current does not flow 
between the positive terminal of the capacitor and the 
load switch or the source switch; 

(b) control the state of each load switch and each source 
switch in the on configuration or in the off configura
tion based on the selected switch vector; 

( c) determine that it is time to select a next switch vector; 
and 

( d) repeat (a) to ( c) for each subcycle of the determined 
number of switching subcycles; 

wherein at least one load switch and at least one source 
switch are simultaneously in the on configuration dur
ing at least one subcycle of the determined number of 
switching subcycles. 

2. The non-transitory computer-readable medium of claim 
1, wherein the switch vector for a last subcycle of the 
determined number of switching subcycles is selected to 
charge the capacitor or to discharge the capacitor to a 
predefined, nominal capacitor voltage value. 

3. The non-transitory computer-readable medium of claim 
1, wherein (c) comprises: 

receiving an updated capacitor voltage value of the volt
age across the capacitor; 

comparing the received, updated capacitor voltage value 
to a predefined, nominal capacitor voltage value; and 

when the received updated capacitor voltage value is 
equal to the predefined, nominal capacitor voltage 
value, determining that it is time to select the next 
switch vector. 

4. The non-transitory computer-readable medium of claim 
1, wherein (c) comprises: 

determining an error in an average voltage across each 
load switch and each source switch in the on configu
ration; and 

when the determined error is equal to zero across a switch 
of the at least one load switch and the at least one 
source switch in the on configuration, determining that 
it is time to select the next switch vector. 

5. The non-transitory computer-readable medium of claim 
4, wherein after ( c) and before ( d), the computer-readable 
instructions further cause the computing device to control 
the switch having the determined error equal to zero to an off 
configuration a remainder of the switching period. 

a load circuit, wherein the load circuit is either a direct 
current (DC) load circuit or an alternating current (AC) 
load circuit having a number of load phases, wherein a 45 

load switch is connected to the DC load circuit or to 
each load phase of the load phases of the AC load 
circuit; 

6. The non-transitory computer-readable medium of claim 
1, wherein after ( d), each load switch and each source switch 
is in the off configuration until an end of a current switching 

50 period defined based on the received time period value and 
a start time of the current switching period. 

receive a source voltage value and a source current value 
for a source circuit, wherein the source circuit is either 
a DC source circuit or an AC source circuit having a 
number of source phases, wherein a source switch is 
connected to the DC source circuit or to each source 
phase of the source phases of the AC source circuit; 

receive a capacitor voltage value of a voltage across a 
capacitor connected in parallel across the source switch 
and the load switch; 

(a) select a switch vector based on the received load 
voltage value, the received load current value, the 
received source voltage value, the received source 
current value, the received capacitor voltage value, and 

7. The non-transitory computer-readable medium of claim 
1, wherein the load circuit is the DC load circuit and the 
source circuit is the DC source circuit, wherein the number 

55 of switching subcycles is determined as a number of DC 
load circuits of the load circuit plus a number DC source 
circuits of the source circuit. 

8. The non-transitory computer-readable medium of claim 
1, wherein the source switch is a single pole, double throw 

60 switch. 

a predefined switch state selection mode, wherein the 
switch vector identifies a state associated with each 
load switch and with each source switch during a 
subcycle, wherein the state defines an on configuration 65 

or an off configuration, wherein during the on configu
ration current flows between a positive terminal of the 

9. The non-transitory computer-readable medium of claim 
1, wherein the load circuit is the AC load circuit or the 
source circuit is the AC source circuit, wherein the selected 
switch vector is a selected, reduced switch vector and (a) 
further comprises: 

mapping the selected, reduced switch vector to the switch 
vector; 



US 10,243,447 B2 
29 

wherein the controlling the state of each load switch and 
each source switch is based on the mapped, selected 
switch vector. 

10. The non-transitory computer-readable medium of 
claim 1, wherein the load circuit is the DC load circuit and 5 

the source circuit is the AC source circuit, wherein the 
number of switching subcycles is determined as Nss=N DCL + 
~,~iNAcsCNrn-1), where Nss is the number of switching 
subcycles, NncL is a number of DC load circuits of the load 
circuit, NAcs is a number of AC source circuits of the source 10 

circuit, and Nm is the number of source phases of a respec
tive AC source circuit. 

11. The non-transitory computer-readable medium of 
claim 1, wherein the load circuit is the AC load circuit and 
the source circuit is the AC source circuit, wherein the 15 

number of switching subcycles is determined as 
Nss=~,~1NAcL(N0L,-l)+~1~1NAcscN0.5J-l), where Nss is the 
number of switching subcycles, NAcL is a number of AC 
load circuits of the load circuit, NAcs is a number of AC 
source circuits of the source circuit, N0 L, is the number of 20 

load phases of a respective AC load circuit, and N0 s1 is the 
number of source phases of a respective AC source circuit. 

12. The non-transitory computer-readable medium of 
claim 1, wherein the load circuit is the AC load circuit and 
the source circuit is the DC source circuit, wherein the 25 

number of switching subcycles is determined as Nss=Nncs+ 

~,~iNAcsCNrn-1), where Nss is the number of switching 
subcycles, N ncs is a number of DC source circuits of the 
source circuit, NAcL is a number of AC load circuits of the 
load circuit, and Nm is the number of load phases of a 30 

respective AC load circuit. 
13. The non-transitory computer-readable medium of 

claim 1, wherein the predefined switch state selection mode 
includes a plurality of modes applied in a predefined order 
to select the switch vector. 35 

14. The non-transitory computer-readable medium of 
claim 1, wherein the predefined switch state selection mode 
is selected from the group consisting of minimize a voltage 
ripple across the capacitor, minimize a number of switch 
state changes each subcycle, minimize a voltage deviation 40 

from a predefined, nominal capacitor voltage value, and 
minimize a current through the capacitor. 

15. The non-transitory computer-readable medium of 
claim 1, wherein after (b) and before (c), the computer
readable instructions further cause the computing device to: 45 

receive an updated capacitor voltage value of the voltage 
across the capacitor; 

receive an updated load voltage value for the load circuit; 
and 

receive an updated source voltage value for the source 50 

circuit, 
wherein determining that it is time to select the next 

switch vector is based on at least one of the updated 
capacitor voltage value, the updated load voltage value, 
and the updated source voltage value. 55 

16. The non-transitory computer-readable medium of 
claim 1, wherein after (d), the computer-readable instruc
tions further cause the computing device to: 

receive an updated load voltage value and an updated load 
current value for the load circuit; 60 

receive an updated source voltage value and an updated 
source current value for the source circuit; 

receive an updated capacitor voltage value of the voltage 
across the capacitor; and 

repeat (a) to (d) for each subcycle of the determined 65 

number of switching subcycles using the updated load 
voltage value as the received load voltage value, the 

30 
updated load current value as the received load current 
value, the updated source voltage value as the received 
source voltage value, the updated source current value 
as the received source current value, and the updated 
capacitor voltage value as the received capacitor volt
age value. 

17. The non-transitory computer-readable medium of 
claim 1, wherein the switch vector is selected by reading a 
next switch vector and a next subcycle end time from the 
non-transitory computer-readable medium, wherein deter
mining that it is time to select a next switch vector is based 
on the read next subcycle end time. 

18. The non-transitory computer-readable medium of 
claim 17, wherein after ( d), each load switch and each source 
switch is in the off configuration until an end of a current 
switching period defined based on the received time period 
value and a start time of the current switching period. 

19. A controller comprising: 
a processor; and 
a non-transitory computer-readable medium operably 

coupled to the processor, the computer-readable 
medium having computer-readable instructions stored 
thereon that, when executed by the processor, cause the 
processor to 
receive a time period value of a switching period; 
determine a number of switching subcycles during the 

switching period; 
receive a load voltage value and a load current value for 

a load circuit, wherein the load circuit is either a 
direct current (DC) load circuit or an alternating 
current (AC) load circuit having a number of load 
phases, wherein a load switch is connected to the DC 
load circuit or to each load phase of the load phases 
of the AC load circuit; 

receive a source voltage value and a source current 
value for a source circuit, wherein the source circuit 
is either a DC source circuit or an AC source circuit 
having a number of source phases, wherein a source 
switch is connected to the DC source circuit or to 
each source phase of the source phases of the AC 
source circuit; 

receive a capacitor voltage value of a voltage across a 
capacitor connected in parallel across the source 
switch and the load switch; 

(a) select a switch vector based on the received load 
voltage value, the received load current value, the 
received source voltage value, the received source 
current value, the received capacitor voltage value, 
and a predefined switch state selection mode, 
wherein the switch vector identifies a state associated 
with each load switch and with each source switch 
during a subcycle, wherein the state defines an on 
configuration or an off configuration, wherein during 
the on configuration current flows between a positive 
terminal of the capacitor and the load switch or the 
source switch, and during the off configuration the 
current does not flow between the positive terminal 
of the capacitor and the load switch or the source 
switch; 

(b) control the state of each load switch and each source 
switch in the on configuration or in the off configu
ration based on the selected switch vector; 

( c) determine that it is time to select a next switch 
vector; and 

(d) repeat (a) to (c) for each subcycle of the determined 
number of switching subcycles; 
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wherein at least one load switch and at least one source 
switch are simultaneously in the on configuration 
during at least one subcycle of the determined num
ber of switching subcycles. 

20. A device comprising: 
a source switch; 
a load switch; 
a link capacitor connected in parallel across the source 

switch and the load switch; 
a processor; and 

10 
a non-transitory computer-readable medium operably 

coupled to the processor, the computer-readable 
medium having computer-readable instructions stored 
thereon that, when executed by the processor, cause the 
processor to 
receive a time period value of a switching period; 
determine a number of switching subcycles during the 

switching period; 
receive a load voltage value and a load current value for 

15 

a load circuit, wherein the load circuit is either a 
direct current (DC) load circuit or an alternating 20 

current (AC) load circuit having a number of load 
phases, wherein the load switch is connected to the 
DC load circuit or to each load phase of the load 
phases of the AC load circuit; 

receive a source voltage value and a source current 25 

value for a source circuit, wherein the source circuit 
is either a DC source circuit or an AC source circuit 
having a number of source phases, wherein the 
source switch is connected to the DC source circuit 
or to each source phase of the source phases of the 
AC source circuit; 

32 
receive a capacitor voltage value of a voltage across the 

link capacitor; 

(a) select a switch vector based on the received load 
voltage value, the received load current value, the 
received source voltage value, the received source 
current value, the received capacitor voltage value, 
and a predefined switch state selection mode, 
wherein the switch vector identifies a state associated 
with each load switch and with each source switch 
during a subcycle, wherein the state defines an on 
configuration or an off configuration, wherein during 
the on configuration current flows between a positive 
terminal of the capacitor and the load switch or the 
source switch, and during the off configuration the 
current does not flow between the positive terminal 
of the capacitor and the load switch or the source 
switch; 

(b) control the state of each load switch and each source 
switch in the on configuration or in the off configu
ration based on the selected switch vector; 

( c) determine that it is time to select a next switch 
vector; and 

(d) repeat (a) to (c) for each subcycle of the determined 
number of switching subcycles; 

wherein at least one load switch and at least one source 
switch are simultaneously in the on configuration 
during at least one subcycle of the determined num
ber of switching subcycles. 

* * * * * 


