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TRANSFORMER-LESS UNIFIED POWER FLOW CONTROLLER

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application No.

61/602,91 5 , filed February 24, 201 2 . The entire disclosure of the above applica-

tion is incorporated herein by reference.

FIELD

[0002] This application relates to AC power transmission and more particularly

to power control devices implemented using cascade multilevel inverters and

without transformers.

BACKGROUND

[0003] The background description provided herein is for the purpose of gener

ally presenting the context of the disclosure. Work of the presently named inven

tors, to the extent it is described in this background section, as well as aspects of

the description that may not otherwise qualify as prior art at the time of filing, are

neither expressly nor impliedly admitted as prior art against the present disclo

sure.

[0004] High voltage electrical transmission and distribution may be performed

with a variety of configurations, including a radial system and a mesh system. A

meshed grid network may have various benefits over a radial system, including

higher reliability, especially under contingency conditions. However, unless the

meshed grid network is able to be controlled effectively, the network may be u n

able to handle congestion of key transmission lines when distributed, unsched

uled, or intermittent alternative energy sources are connected to the grid.

[0005] For example only, wind and solar power may be unscheduled, intermit-

tent, and geographically distributed. Not only does this lead to inefficient opera

tion of energy markets, but the first transmission line in a mesh network to reach

its capacity may limit the capacity of the entire system, even if the majority of the

lines in the system are significantly below their limits.



[0006] Unified power flow controllers (UPFCs) may mitigate this problem by

balancing the load of various lines, allowing the overall system to operate closer

to its theoretical maximum capacity. UPFCs may be used to implement the func

tionality of flexible AC transmission system (FACTS) devices, such as a static

var generator (SVG), a static synchronous compensator (STATCOM), or a static

var compensator (SVC). In various implementations, UPFCs may also imple

ment power line conditioning, series compensation, phase shifting, voltage ba l

ancing, etc.

[0007] However, traditional UPFCs are built using back-to-back inverters and

require bulky and complicated zigzag transformers to achieve high voltage and

power handling capabilities. The zigzag transformers are very expensive (for ex

ample, 30-40% of total system costs), lossy (for example, accounting for 50% of

the total power losses), bulky (for example, 40% of system area), and more

prone to failure. In addition, transformers used in these applications are slow in

dynamic response, sometimes taking on the order of minutes to respond due to

large time constants of magnetizing inductance over resistance. In addition,

transformers may pose control challenges due to transformer saturation, DC off

set, and voltage surge. For this reason, traditional UPFCs have not been widely

used for power control, including in alternative energy applications.

[0008] To reduce the size of the required transformers, various techniques have

been used, including cascade multilevel inverters (CMIs). For example only, see

Peng et al., U.S. Patent No. 5,642,275, issued June 24, 1997, the entire disclo

sure of which is hereby incorporated by reference. Using CMIs to create a UPFC

has traditionally still required isolation transformers, even if the zigzag trans-

formers could be reduced or eliminated.

[0009] Referring now to FIG. 1A , an example cascade multilevel inverter (CMI)

100 is presented. The CMI 100 includes bridge modules 104-1 , 104-2, 104-3,

and 104-4 (collectively, bridge modules 104). The bridge modules 104 are con

nected in series such that a second terminal of the bridge module 104-1 is con-

nected to a first terminal of the bridge module 104-2, a second terminal of the

bridge module 104-2 is connected to a first terminal of the bridge module 104-3,

and a second terminal of the bridge module 104-3 is connected to a first terminal



of the bridge module 104-4. A first terminal of the bridge module 104-1 and a se

cond terminal of the bridge module 104-4 serve as terminals of the CMI 100.

Each of the bridge modules 104 has third and fourth terminals to connect to a

corresponding capacitor. In various implementations, an inductor is connected in

series with the bridge modules 104, which may reduce transient and/or circulat

ing current.

[0010] The bridge modules 104 are therefore associated with capacitors 108-1 ,

108-2, 108-3, and 108-4, respectively. The first and second terminals of the

bridge modules 104 may be referred to as AC (alternating current) terminals,

while the third and fourth terminals of the bridge modules 104 may be referred to

as DC (direct current) terminals.

[001 1] Referring now to FIGs. 1B-1 E, example implementations of bridge mod

ules, such as the bridge modules 104 of FIG. 1A , are shown. In FIG. 1B, a

bridge module 400 includes a first terminal connected to a node between a

switch 404 and a switch 408. A second terminal of the bridge module 400 is

connected to a node between a switch 4 12 and a switch 4 16 . Opposite ends of

the switches 404 and 4 12 are connected to a first terminal of a capacitor 420.

Opposite terminals of the switches 408 and 4 16 are connected to a second te r

minal of the capacitor 420. The arrangement of the switches 404, 408, 4 12 , and

4 16 may be referred to as a full bridge.

[0012] Referring now to FIG. 1C, an alternative implementation of the bridge

module 440 is shown. A first terminal of the bridge module 440 is connected to a

node in between a switch 444 and a first terminal of a capacitor 448. A second

terminal of the bridge module 440 is connected to a node between the switch

444 and a switch 452. An opposite terminal of the switch 452 is connected to a

second terminal of the capacitor 448. The arrangement of the switches in FIGs.

1C-1 E may be described as half bridges generally and respectively as positive,

negative, and neutral half bridges.

[0013] Referring now to FIG. 1D, another example half-bridge implementation

of a bridge module 480 is shown. A first terminal of the bridge module 480 is

connected to a node between a switch 484 and a switch 492. Opposite terminals

of the switches 484 and 492 are connected to first and second terminals of a ca-



pacitor 496, respectively. A second terminal of the bridge module 480 is con

nected to a node between the switch 492 and the second terminal of the capaci

tor 496.

[0014] Referring now to FIG. 1E, another example half-bridge implementation

of a bridge module 520 is shown. A first terminal of the bridge module 520 is

connected to a node between a switch 524 and a switch 528. A second terminal

of the bridge module 520 is connected to a second terminal of a capacitor 532

and a first terminal of a capacitor 536. An opposite terminal of the switch 524 is

connected to a first terminal of the capacitor 532, while an opposite terminal of

the switch 528 is connected to a second terminal of the capacitor 536.

[0015] Each of the bridge modules 400, 440, 480, and 520 can present a se

lectable voltage between its terminals. For example, the voltage between the

terminals of the bridge module 400 can be VDc, zero, or - VDc, where VDc is the

voltage across the capacitor 420. The voltage between the terminals of the

bridge module 440 or the bridge module 480 can be either VDc or 0 . The voltage

between the terminals of the bridge module 520 can either be VDci or VDc2 ,

where VDci is the voltage across the capacitor 532 and VDc2 is the voltage

across the capacitor 536.

[0016] Referring now to FIG. 1F, an example implementation of a switch 560 is

presented. The switch 560 may be used as one or more of the switches in any of

FIGs. 1B-1 E. The switch 560 has a first terminal and a second terminal and a

semiconductor switching device 564 connected between the first and second

terminals. A diode 568 is connected antiparallel to the semiconductor switching

device 564. In various implementations, the semiconductor switching device 564

may include, for example only, a power MOSFET (metal-oxide-semiconductor

field-effect transistor), an IGBT (insulated gate bipolar transistor), or a gate turn-

off thyristor.

[0017] Referring now to FIG. 1G , another example implementation of a switch

580 is presented, which may be used as one or more of the switches in any of

FIGs. 1B-1 E. The switch 580 includes a semiconductor switching device 584 and

a diode 588 connected antiparallel to the semiconductor switching device 584.

The semiconductor switching device 584 may be implemented using, for exam-



pie, an insulated gate bipolar transistor, a metal-oxide-semiconductor field-effect

transistor (MOSFETs), and/or a gate turn-off thyristor.

[0018] Referring now to FIG. 2A, an example three-phase three-wire connec

tion of CMIs in a delta configuration is presented. In this case, CMI 160, CMI

162, and CMI 164 are connected in a delta configuration in which a second te r

minal of the CMI 160 is connected to a first terminal of CMI 162, a second termi

nal of the CMI 162 is connected to a first terminal of the CMI 164, and a second

terminal of the CMI 164 is connected to a first terminal of the CMI 160. The in

coming three-phase voltages, VA, VB, and Vc , are connected to the first terminals

of the respective CMIs 160, 162, and 164.

[0019] Referring now to FIG. 2B, an example three-phase three-wire connec

tion of CMIs in a wye (or, star) configuration is presented. For simplicity, the

same three CMIs 160, 162, and 164 are shown, and still receive voltages VA, VB,

and Vc at the respective first terminals. In this case, however, the second termi-

nals of the CMIs 160, 162, and 164 are connected together at a common node.

SUMMARY

[0020] A power control device includes a first terminal, a second terminal con

nected to a transmission line, a first cascade multilevel inverter (CMI) and a se

cond CMI. The first CMI is connected to the second terminal. The second CMI

connected in series between the first terminal and the second terminal.

[0021] In other features, the power control device further includes a control

module that controls the first CMI to regulate average real power into and out

from the second CMI. The control module controls the first CMI to apply a cur

rent to the second terminal to regulate average real power into and out from the

second CMI. The control module (i) calculates a compensation current to regu

late the average real power into and out from both the second CMI and the first

CMI and (ii) controls the first CMI to apply the compensation current.

[0022] In further features, the control module controls the second CMI to pro

vide a commanded real power and a commanded reactive power from the first

terminal to the second terminal. The control module controls the second CMI to

provide a commanded real power and a commanded reactive power from the



second terminal to the first terminal. The power control device further includes a

control module that controls the first CMI to cause a voltage phasor of the first

CMI and a current phasor of the first CMI to approach a perpendicular angle to

each other. The control module controls the first CMI to cause (i) the voltage

phasor of the first CMI and the current phasor of the first CMI to approach a pe r

pendicular angle to each other and (ii) a voltage phasor of the second CMI and a

current phasor of the second CMI to approach a perpendicular angle to each

other.

[0023] In other features, the power control device further includes a control

module that (i) determines a reference voltage based on a commanded real

power and a commanded reactive power and (ii) controls the second CMI to c re

ate the reference voltage across the second CMI. The control module controls

the second CMI in synchronization with an electrical grid to which the power con

trol device is connected. The control module (i) determines a desired compensa-

tion current and (ii) controls the first CMI to generate the desired compensation

current.

[0024] In further features, the control module measures a current through the

first CMI and controls the first CMI to reduce a difference between the measured

current through the first CMI and the desired compensation current. The control

module determines the desired compensation current based on a current

through the transmission line and a current through the second CMI. The control

module calculates the current through the second CMI based on the reference

voltage, a voltage at the first terminal, and the current through the transmission

line.

[0025] In other features, the first CMI includes a plurality of bridge modules

connected in series, wherein each of the plurality of bridge modules (i) has a first

terminal and a second terminal and (ii) is controllable to produce one of a plurali

ty of voltages between the first and second terminals of the bridge module. Each

of the plurality of bridge modules is controllable to produce one of two or three

voltages between the first and second terminals of the bridge module.

[0026] In further features, the second CMI includes a plurality of bridge modules

connected in series, wherein each of the plurality of bridge modules has a first



terminal and a second terminal and is controllable to produce one of a plurality of

voltages between the first and second terminals of the bridge module. Each of

the plurality of bridge modules is controllable to produce one of two or three volt

ages between the first and second terminals of the bridge module. The power

control device further includes a control module that controls the first CMI to

generate a desired reactive power into the second terminal. In other features, the

first CMI is controlled to source zero current to the second terminal and sink zero

current from the second terminal.

[0027] A method of operating a power control device includes controlling a first

cascade multilevel inverter (CMI) and controlling a second CMI. The first CMI is

controlled to (i) regulate average real power dissipated into and out from the first

CMI and (ii) regulate average real power into and out from the second CMI. The

second CMI is controlled to provide a commanded real power and a commanded

reactive power from a first terminal of the power control device to a second ter-

minal of the power control device. The second CMI is connected in series be

tween the first terminal and the second terminal. The first CMI is connected to

the second terminal.

[0028] In other features, the method includes calculating a compensation cur

rent and controlling the first CMI. The compensation current is calculated to

regulate the average real power into and out from both the second CMI and the

first CMI. The first CMI is controlled to apply the compensation current to the se

cond terminal. The method includes selectively controlling the second CMI to

provide the commanded real power and the commanded reactive power from the

second terminal to the first terminal.

[0029] In further features, the method includes controlling the first CMI to cause

a voltage phasor of the first CMI and a current phasor of the first CMI to a p

proach a perpendicular angle to each other. The method includes controlling the

first CMI to cause (i) the voltage phasor of the first CMI and the current phasor of

the first CMI to approach a perpendicular angle to each other and (ii) a voltage

phasor of the second CMI and a current phasor of the second CMI to approach a

perpendicular angle to each other.



[0030] In other features, the method includes determining a reference voltage

based on the commanded real power and the commanded reactive power, and

controlling the second CM I to create the reference voltage across the second

CMI. The method includes controlling the second CMI in synchronization with an

electrical grid to which the power control device is connected. The method in

cludes determining a desired compensation current, and controlling the first CMI

to generate the desired compensation current. The method includes measuring a

current through the first CMI, and controlling the first CMI to reduce a difference

between the measured current through the first CMI and the desired compensa-

tion current.

[0031] In further features, the method includes determining the desired com

pensation current based on (i) a current through a transmission line connected to

the second terminal and (ii) a current through the second CMI. The method in

cludes calculating the current through the second CMI based on the reference

voltage, a voltage at the first terminal, and the current through the transmission

line. The first CMI includes a plurality of bridge modules connected in series,

wherein each of the plurality of bridge modules has a first terminal and a second

terminal and is controllable to produce one of a plurality of voltages between the

first and second terminals of the bridge module. The method includes controlling

the first CMI to select one of the plurality of voltages for each of the plurality of

bridge modules.

[0032] In other features, the second CMI includes a plurality of bridge modules

connected in series, wherein each of the plurality of bridge modules has a first

terminal and a second terminal and is controllable to produce one of a plurality of

voltages between the first and second terminals of the bridge module. The

method includes controlling the second CMI to select one of the plurality of volt

ages for each of the plurality of bridge modules. The method includes controlling

the first CMI to generate a desired reactive power into the second terminal.

[0033] A power control device includes a first cascade multilevel inverter (CMI),

a second CMI, a third CMI, a fourth CMI, a fifth CMI, and a sixth CMI. The first

CMI is connected in series between a first terminal of a first 3-phase line and a

first terminal of a second 3-phase line. The second CMI is connected in series



between a second terminal of the first 3-phase line and a second terminal of the

second 3-phase line. The third CMI is connected in series between a third termi

nal of the first 3-phase line and a third terminal of the second 3-phase line. The

fourth CMI has a first terminal connected to the first terminal of the second 3-

phase line. The fifth CMI has a first terminal connected to the second terminal of

the second 3-phase line. The sixth CMI has a first terminal connected to the third

terminal of the second 3-phase line.

[0034] In other features, the fourth CMI has a second terminal that is connected

to a second terminal of the fifth CMI and a second terminal of the sixth CMI. The

second terminals of the fourth, fifth, and sixth CMIs are connected to a reference

potential. The fourth CMI has a second terminal that is connected to the first

terminal of the fifth CMI. The fifth CMI has a second terminal that is connected to

the first terminal of the sixth CMI. The sixth CMI has a second terminal that is

connected to the first terminal of the fourth CMI.

[0035] A power converter includes a positive DC terminal, a negative DC termi

nal, and a plurality of converter legs. The plurality of converter legs is connected

between the positive DC terminal and the negative DC terminal. Each of the p lu

rality of converter legs includes a series connection of a first cascade multilevel

inverter (CMI), a first inductor, a second inductor, and a second CMI. Each of the

plurality of converter legs is associated with a respective AC terminal that is con

nected to a node between the first inductor and the second inductor.

[0036] In other features, the power converter selectively converts AC power

from the AC terminals to DC power across the positive and negative DC termi

nals. The power converter selectively converts DC power across the positive and

negative DC terminals to AC power at the AC terminals. The plurality of convert

er legs is two converter legs. A first one of the two converter legs is connected to

a first terminal of a single-phase AC line. A second one of the two converter legs

is connected to a second terminal of the single-phase AC line.

[0037] In further features, the plurality of converter legs is three converter legs.

A first one of the three converter legs is connected to a first terminal of a three-

phase AC line. A second one of the three converter legs is connected to a se

cond terminal of the three-phase AC line. A third one of the three converter legs



is connected to a third terminal of the three-phase AC line. A power conversion

system includes the power converter, and a second power converter.

[0038] In other features, the second power converter includes three converter

legs connected between the positive DC terminal and the negative DC terminal.

Each of the three converter legs includes a series connection of a first cascade

multilevel inverter (CMI), a first inductor, a second inductor, and a second CMI.

Each of the three converter legs is associated with a respective AC terminal that

is connected to a node between the first inductor and the second inductor, the

AC terminal being one phase of a second three-phase AC line. The power con-

version system converts AC power at a first frequency to AC power at a second

frequency. The power conversion system converts AC power at a first amplitude

to AC power at a second amplitude. The power conversion system converts AC

power having a first phase shift to AC power having a second phase shift.

[0039] A power control device includes a first terminal, a second terminal con-

nected to a transmission line, and a cascade multilevel inverter (CMI). The CMI

is connected between the first terminal and the second terminal. The CMI in

cludes a plurality of bridge modules connected in series. Each of the plurality of

bridge modules (i) has a first terminal and a second terminal and (ii) is controlla

ble to produce one of a plurality of voltages between the first and second termi-

nals of the bridge module.

[0040] Further areas of applicability of the present disclosure will become a p

parent from the detailed description, the claims and the drawings. The detailed

description and specific examples are intended for purposes of illustration only

and are not intended to limit the scope of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0041] The present disclosure will become more fully understood from the d e

tailed description and the accompanying drawings, wherein:

[0042] FIG. 1A is a schematic diagram of a cascade multilevel inverter accord

ing to the prior art;

[0043] FIGs. 1B-1 E are schematic diagrams of example bridges used in the

cascade multilevel inverter of FIG. 1A ;



[0044] FIGs. 1F-1 G are schematic diagrams of example switches used in the

bridges of FIGs. 1B-1 E;

[0045] FIGs. 2A-2B are schematic diagrams of three-phase connection of cas

cade multilevel inverters according to the prior art;

[0046] FIG. 3A is a single-line diagram of a transmission line according to the

principles of the present disclosure;

[0047] FIG. 3B is a schematic single-line diagram of an example unified power

flow controller according to the principles of the present disclosure;

[0048] FIG. 3C is a schematic single-line diagram of another example unified

power flow controller according to the principles of the present disclosure;

[0049] FIGs. 3D-3I are schematic single-line diagrams of additional example

configurations of unified power flow controllers according to the principles of the

present disclosure;

[0050] FIG. 4 is a functional block diagram of a unified power flow controller ac-

cording to the principles of the present disclosure;

[0051] FIG. 5 is a phasor diagram corresponding to the unified power flow con

troller of FIG. 4A;

[0052] FIG. 6 is a functional block diagram of an example control module for the

unified power flow controller of FIG. 4A;

[0053] FIGs. 7A-7C are schematic diagrams of example three-phase connec

tion of cascade multilevel inverters based on the single-line connection of

FIG. 4A;

[0054] FIG. 8 is a flowchart for controlling a unified power flow controller a c

cording to the principles of the present disclosure;

[0055] FIGs. 9A-9B are functional block diagrams of example AC/DC convert

ers using cascade multilevel inverters according to the principles of the present

disclosure; and



[0056] FIG. 9C is a functional block diagram of an example AC-DC-AC con

verter using cascade multilevel inverters according to the principles of the pre

sent disclosure.

DETAILED DESCRIPTION

[0057] A unified power flow controller (UPFC) according to the principles of the

present disclosure includes cascade multilevel inverters (CMIs) configured such

that transformers may be eliminated entirely. UPFCs may be referred to more

broadly as power control devices. By reducing or eliminating transformers, U P

FCs may be cheaper, smaller, faster to respond (for example only, dynamic per-

formance response of 1-2 milliseconds may be achieved), higher efficiency,

lighter weight, and more reliable. This may allow UPFCs to be more widely used

in new and existing grid installations. For example, a UPFC according to the

principles of the present disclosure may be well suited for alternative energy,

such as wind and solar, which may require properties such as high dynamic per-

formance, light weight, small size, and low cost.

[0058] UPFCs may be used as energy routers and may be easily integrated

over existing transmission lines to maximize energy transmission. As an exam

ple, a UPFC could be used to provide a certain amount of power, such as 100

MW, from a bus onto a specified transmission line. Use of UPFCs may enhance

grid stability and allow more rapid and more reliable integration, development,

and deployment of renewable power generation. For example only, UPFCs can

be used to regulate and control power flow over AC transmission lines. In a

mesh AC network, UPFCs can be used to prevent loops of power, which d e

crease efficiency and can result in detrimental feedback loops. UPFCs may be

designed to have a minimal effect on power factor.

[0059] In FIG. 3A, examples of UPFC placement along a transmission line are

presented. In FIGs. 3B-3H, example implementations of UPFCs according to the

principles of the present disclosure are presented. In FIG. 4 , an alternative rep

resentation of an example UPFC is shown. In FIG. 5 , a phasor diagram depicts

the interactions of voltages and currents related to the UPFC and provides in-



sight into control equations for the UPFC. In FIG. 6 , example control of the CMIs

in a UPFC is presented.

[0060] FIGs. 7A-7C show three-line equivalents of UPFCs based on the one-

line diagram of FIG. 4A. FIG. 8 is a flowchart depicting example control algo-

rithms related to FIG. 5 . FIGs. 9A and 9B depict example power converters using

CMIs. The power converters may operate as AC to DC converters or as DC to

AC converters. FIG. 9C is an example AC to DC to AC converter created using

CMIs. The converters shown in FIGs. 9A-9C may mitigate harmonic issues pre

sent in traditional two-level converters. For example only, the converters may be

used for high-voltage DC power transmission, medium and high voltage motor

drives, and high voltage power supplies. The converters may also save space,

reduce equipment weight, reduce costs, increase reliability and efficiency, and

improve controllability and fault detection in comparison with traditional convert

ers.

[0061] Returning to FIG. 3A, a transmission line 200 is connected between a

sending end 204 and a receiving end 208. The transmission line 200 has an in

trinsic impedance, which is represented graphically as an inductor. Along the

transmission line 200 are pairs of points a1/a2 2 12 , b1/b2 2 16 , and c1/c2 220.

UPFCs may be connected between terminals a 1 and a2 2 12 , between terminals

b 1 and b2 2 16 , and/or between terminals and c2 220.

[0062] Referring now to FIG. 3B, an example implementation of a UPFC 228 is

shown. First and second terminals of the UPFC 228 are labeled 1 and 2 , respec

tively. These numbers correspond to the numbers in FIG. 3A. For example, the

UPFC 228 of FIG. 3B may be connected between points a 1 and a2 2 12 of FIG.

3A, where a 1 corresponds to terminal 1 of FIG. 3B and a2 corresponds to termi

nal 2 of FIG. 3B. In various implementations, the UPFC 228 may be reversible,

such that a 1 will correspond to terminal 2 of FIG. 3B, while a2 corresponds to

terminal 1 of FIG. 3B. The UPFC 228 of FIG. 3B may be bidirectional such that

either configuration can be used. In addition, the UPFC 228 may be symmetrical

in that there is no advantage to arranging the UPFC 228 in one configuration

versus the other.



[0063] The UPFC 228 is formed by a first CMI 230 connected between terminal

2 and a reference potential, such as ground, and a second CMI 234 connected

in series between terminal 1 and terminal 2 . Each of the CMIs 230 and 234 can

be formed using a series of bridge modules. For example only, the first CMI 230

can be formed from a series chain of M bridge modules M 1 238-1 , M2 238-2, . . .

Mn 238-n (collectively, bridge modules 238). Similarly, the second CMI 234 may

be formed from M bridge modules M 1 242-1 , M2 242-2, . . . Mn 242-n (collective

ly, bridge modules 242).

[0064] The bridge modules 242 used in the second CMI 234 may be different

than some or all of the bridge modules 238 used in the first CMI 230. In addition,

the number of bridge modules 242 in the second CMI 234 may be different than

the number of bridge modules 238 in the first CMI 230. The bridge modules 238

and 242 may be implemented as shown in FIGs. 1B-1 E. The bridge modules for

a single CMI may all be of one type or may be of different types.

[0065] Referring now to FIG. 3C, an alternative implementation of the UPFC

228 is shown. In FIG. 3C, the first CMI 230 is connected between terminal 1 and

the reference potential, instead of between terminal 2 and the reference potential

as shown in FIG. 3B. The bridge modules 238 and 242 in the first CMI 230 and

the second CMI 234, respectively, may be the same as or different than the

bridge modules 238 and 242 of FIG. 3B.

[0066] In FIG. 3D, another example implementation of a UPFC is shown. Two

second CMIs 234-1 and 234-2 are connected in series between terminal 1 and

terminal 2 . Two first CMIs 230-1 and 230-2 are connected in parallel between a

reference potential and the node between the second CMIs 234-1 and 234-2. In

FIG. 3E, the first CMI 230-2 of FIG. 3D is removed. Other aspects of the UPFC

from FIG. 3D may be shared with the UPFC of FIG. 3E.

[0067] In FIG. 3F, the second CMIs 234-1 and 234-2 are connected in series

between terminal 1 and terminal 2 . The first CMI 230-1 is connected between

terminal 1 and the reference potential, while the first CMI 230-2 is connected be-

tween terminal 2 and the reference potential. In FIG. 3G, the second CMI 234-2

of FIG. 3F is omitted. Other aspects of the UPFC of FIG. 3G may be similar to

the UPFC of FIG. 3F.



[0068] In FIG. 3H, a cascade arrangement for a UPFC is shown. The second

CMIs 234-1 and 234-2 are connected in series between terminal 1 and terminal

2 . The first CMI 230-1 is connected between the reference potential and the

node between the second CMIs 234-1 and 234-2. The first CMI 230-2 is con-

nected between terminal 2 and the reference potential. In FIG. 3H, two pairs of

CMIs are shown but three or more pairs can be similarly arranged in a cascade

fashion according to the principles of the present disclosure. In FIG. 3I, an ex

ample UPFC reversed with respect to FIG. 3H is shown. The second CMIs 234-1

and 234-2 are connected in series between terminal 1 and terminal 2 . The first

CMI 230-1 is connected between the reference potential and terminal 1. The first

CMI 230-2 is connected between the reference potential and the node between

the second CMIs 234-1 and 234-2. Again, more than two pairs of CMIs may be

arranged in this cascade fashion.

[0069] Referring now to FIG. 4 , the UPFC 228 of FIG. 3B is redrawn. The

UPFC 228 includes the first CMI 230 and the second CMI 234. A first terminal of

the second CMI 234 is connected to a sending end power source, having a vo lt

age Vso, via a bus 264. A second terminal of the second CMI 234 is connected

via a bus 270 to a first terminal of the first CMI 230. A second terminal of the first

CMI 230 may be connected to a reference potential such as ground or neutral.

[0070] A voltage between the second terminal of the second CMI 234 and the

first terminal of the second CMI 234 is labeled Vc . A voltage at the second termi

nal of the first CMI 230 is labeled as VP, and a voltage at the bus 270 is Vs ,

which may be the same as VP. Current flowing from the second CMI 234 to the

bus 270 is labeled lc , while current flowing from the first CMI 230 to the bus 270

is labeled lP. A transmission line 276 is depicted as an inductor and has an effec

tive inductance value represented by X . The transmission line 276 is connected

to a receiving end, having a voltage VR, via a bus 278. The current flowing from

the transmission line 276 to the bus 278 is labeled I I - A control module 300 con

trols the first CMI 230 and the second CMI 234.

[0071] Referring now to FIG. 5 , a phasor diagram of voltages and currents from

FIG. 4 is shown. Because currents lc, lp, and all connect at the bus 270, the

sum of currents lc and lp flowing into the bus 270 is equal to the current flow-



ing out of the bus 270. The difference between voltages Vs and VSo is voltage

Vc . The difference between voltages Vs and VR is jXI L, as a result of modeling of

the transmission line 276 as an inductor, which has a voltage proportional to the

current and inductance X . In addition, modeling the transmission line 276 as a

pure inductance causes the current lL to be perpendicular to the voltage jXI L.

[0072] When the voltage Vc is perpendicular to the current lc , no average real

power flows into, or out from, the second CMI 234. Similarly, when the voltage

Vp is perpendicular to the current lp, no average real power flows into, or out

from, the first CMI 230. The first CMI 230 is controlled to generate a current lP

that satisfies these two conditions, ignoring power losses within each of the CMIs

230 and 234. In practice, a small average real power may flow into each of the

CMIs 230 and 234 to compensate for power losses in order to maintain the DC

capacitor voltage of each bridge module to a desired voltage level. Therefore,

the first CMI 230 is controlled to generate a current lP to regulate average real

power into and out from each of the CMIs 230 and 234. For example only, regu

lating may include reducing average real power dissipated in each of the CMIs

230 and 234 to a lowest possible level by making the voltage and current phas-

ors for the respective CMIs 230 and 234 as close to perpendicular as possible.

In addition, the first CMI 230 can be used to generate reactive power as a static

synchronous compensator (STATCOM).

[0073] Referring now to FIG. 6 , an example block diagram of the control mod

ule 300 for the first and second CMIs 230 and 234 are shown. A voltage com

mand calculation module 3 10 receives a real power command P and reactive

power command Q . The voltage command calculation module 3 10 determines a

voltage reference Vc for the second CMI 234 based on the real power command

and the reactive power command.

[0074] A gate signal generation module 320 receives a grid synchronization

signal from a synchronization module 324. The grid synchronization signal is

synchronized to periodic AC power of the electrical grid to which the UPFC 228

is attached. The gate signal generation module 320 generates gate signals for

the second CMI 234, which are synchronized to the grid synchronization signal,

based on the voltage reference Vc . The gate signals are applied to switches



within the second CMI 234. Although referred to as gate signals, these control

signals can be applied to control terminals, such as base terminals, of other

types of switches.

[0075] A line current calculation module 330 calculates a current lc flowing out

of the second CMI 234 based on Vc , VSo, and lL. A desired current calculation

module 340 determines a compensation current lP to be produced by the first

CMI 230 based on lc from the line current calculation module 330 and li_. For ex

ample only, the desired current calculation module 340 may calculate lp by sub

tracting lc from lL. A current feedback control module 350 generates gate signals

for the first CMI 230 based on the desired compensation current lP from the d e

sired current calculation module 340 and a measured value of lp. The current

feedback control module 350 adjusts the gate signals to minimize the difference,

in both magnitude and phase, between the measured and desired values of lP.

Similarly to the gate signals for the second CMI 234, the gate signals for the first

CMI 230 may be applied to gate terminals and/or to other control terminals, such

as base terminals, depending on the components of the first CMI 230.

[0076] Referring now to FIGs. 7A-7C, example UPFC arrangements for three-

phase systems are shown. In FIG. 7A, three CMIs 378-1 , 378-2, and 378-3 (co l

lectively, CMIs 378) are connected between three phases, respectively, of an

output three-phase source and a common node. The common node may be

connected to a common potential, such as ground or neutral. Three CMIs 380-1 ,

380-2, and 380-3 (collectively, CMIs 380) are connected in series between three

phases, respectively, of an input three-phase source and the three phases, re

spectively, of the output three-phase source.

[0077] In FIG. 7B, the CMIs 380 may be arranged similarly to FIG. 7A. Mean

while, the CMIs 378 may each have a first terminal connected to a respective

one of the phases of the output three-phase source and a second terminal con

nected to a first terminal of another one of the CMIs 378. Meanwhile, in FIG. 7C,

the CMIs 380 are arranged similarly to those of FIGs. 7A and 7B, while the CMIs

378 are omitted. Alternatively, the CMIs 378 may be included but caused to sink

approximately zero current.



[0078] Referring now to FIG. 8 , a flowchart depicts example control of first and

second CMIs of a UPFC according to the principles of the present disclosure.

Control begins at 602, where control determines a desired real power for trans

mission through the UPFC. Control continues at 606 where control determines a

desired reactive power for transmission through the UPFC. Control continues at

6 10 , where control determines a voltage reference based on the desired real

power of 602 and the desired reactive power of 606.

[0079] Control continues at 6 14 , where control begins generating second gate

signals for the second CMI. The second gate signals are synchronized with a

grid synchronization signal and are controlled to produce the voltage reference

across the second CMI. Control continues at 6 18 , where the second CMI is con

trolled with the second gate signals. Generating the second gate signals at 6 14

and controlling using the second gate signals at 6 18 may continue even as other

actions of FIG. 8 are being performed.

[0080] Control continues at 622 where a reference current is determined based

on the reference voltage, sending voltage at the sending source, and transmis

sion line current. Control continues at 626, where a compensation current is d e

termined based on the transmission line current and the reference current. Con

trol continues at 630 where first gate signals are generated based on the desired

compensation current. Control continues at 634 where the first CMI is controlled

using the first gate signals. The generating and controlling of 630 and 634 may

continue even as other actions of FIG. 8 are performed. Control continues at

638, where actual compensation current is measured. Control continues at 642,

where control adjusts the first gate signals to minimize the difference between

the desired compensation current and the actual compensation current. Control

then returns to 602.

[0081] Referring now to FIG. 9A, a converter that converts between DC and AC

is presented. An AC signal is received or transmitted at terminals Y 1 and Y2. A

converter is formed by two similar legs 704 and 708. Using leg 704 as a repre-

sentative, AC terminal Y 1 is connected between a first inductor 7 10 and a se

cond inductor 7 12 . The inductors 7 10 and 7 12 can be built on a single core 7 14

to reduce the size and weight of the inductors 7 10 and 7 12 . An opposite terminal



of the inductor 7 10 is connected to a CMI 7 16 , while an opposite terminal of the

inductor 7 12 is connected to a CMI 7 18 . The CMI 7 16 may be referred to as an

upper phase leg while the CMI 7 18 may be referred to as a lower phase leg.

[0082] As described above, the CMIs 7 16 and 7 18 may be formed from multiple

bridge modules. The CMI 7 16 is connected between a positive DC terminal la

beled P and the inductor 7 10 . The CMI 7 18 is connected between the inductor

7 12 and a negative DC terminal labeled N. The leg 708 may be arranged similar

ly to the leg 704 and include similar components.

[0083] For purposes of illustration, each of the bridge modules of the CMI 7 16

and the CMI 7 18 can be implemented using any of the bridge modules 400, 440,

480, or 520 (of FIGs. 1B- 1E, respectively). The CMI 7 16 can therefore produce

any voltage level from - n* VDc to n*VDc or from zero to n* VDc in increments of

VDc - Similarly, the CMI 7 18 can produce any voltage from - n*VDc to n*VDc or

from zero to n*VDc in increments of VDc -

[0084] Assuming that a DC voltage between DC terminals P and N is equal to

n*VDc , the AC terminal Y 1 can be set to any arbitrary voltage between - n*VDc

and n* VDc or between zero and n*VDc - If the desired voltage is, for example,

X*VDC , where x is an integer between zero and n inclusive, the CMI 7 18 can

generate the voltage x*VDc , while the CMI 7 16 generates the voltage (n-x) *VDc -

As a result, any arbitrary AC waveform can be produced from the DC power

supply.

[0085] The opposite conversion is also possible, in which AC is converted to

DC. The AC line Y 1 is varying and the CMIs 7 16 and 7 18 are adjusted based on

the voltage of Y 1 to keep the voltage between the DC terminals P and N approx-

imately constant. As the voltage at Y 1 increases, the voltage across the CMI 7 16

is reduced, and vice versa. Similarly, as the voltage at Y 1 decreases, the voltage

across the CMI 7 18 is reduced, and vice versa.

[0086] There may be ripple with a peak-to-peak value of VDc on the DC voltage

as a result of the granularity of control (multiples of VDc) of the CMIs 7 16 and

7 18 . The granularity can be increased by adding additional bridge modules to

each CMI. Similarly, an AC waveform created from a DC source may exhibit



step-like characteristics, mitigated by the inductors 7 10 and 7 12 , based on the

granularity of voltage control. These same principles can apply to leg 708 and to

each leg of a three-phase system, such as is shown in FIG. 9B.

[0087] Referring now to FIG. 9B, a converter that converts between three-

phase AC and DC is presented. The converter includes legs 750, 752, and 754,

which may each be similar to the leg 704 of FIG. 9A. Each of the legs 750, 752,

and 754 receive a corresponding phase of a three-phase AC line. The legs 750,

752, and 754 are connected between positive and negative DC terminals labeled

P and N. Depending on how the CMIs are controlled, power can either be con-

verted from DC to AC or from AC to DC.

[0088] Referring now to FIG. 9C, an AC to DC to AC conversion system is

shown. The converter is formed by connecting two converters, such as two cop

ies of the converter shown in FIG. 9B, back-to-back. A first converter 780 is con

nected to a three-phase line where the three phases are labeled Y 1 , Y2, and Y3.

A second converter 782 is connected to another three-phase line where the

three phases are labeled Y4, Y5, and Y6. The DC terminals of the converters

780 and 782 are connected to each other and act as a DC bus. The conversion

system of FIG. 9C may be used to convert AC power from one frequency to a n

other, from one voltage to another, and/or from one phase shift to another.

[0089] The foregoing description is merely illustrative in nature and is in no way

intended to limit the disclosure, its application, or uses. The broad teachings of

the disclosure can be implemented in a variety of forms. Therefore, while this

disclosure includes particular examples, the true scope of the disclosure should

not be so limited since other modifications will become apparent upon a study of

the drawings, the specification, and the following claims. As used herein, the

phrase at least one of A , B, and C should be construed to mean a logical (A or B

or C), using a non-exclusive logical OR. It should be understood that one or

more steps within a method may be executed in different order (or concurrently)

without altering the principles of the present disclosure.

[0090] In this application, including the definitions below, the term module may

be replaced with the term circuit. The term module may refer to, be part of, or

include an Application Specific Integrated Circuit (ASIC); a digital, analog, or



mixed analog/digital discrete circuit; a digital, analog, or mixed analog/digital in

tegrated circuit; a combinational logic circuit; a field programmable gate array

(FPGA); a processor (shared, dedicated, or group) that executes code; memory

(shared, dedicated, or group) that stores code executed by a processor; other

suitable hardware components that provide the described functionality; or a

combination of some or all of the above, such as in a system-on-chip.

[0091] The term code, as used above, may include software, firmware, and/or

microcode, and may refer to programs, routines, functions, classes, and/or o b

jects. The term shared processor encompasses a single processor that executes

some or all code from multiple modules. The term group processor encom

passes a processor that, in combination with additional processors, executes

some or all code from one or more modules. The term shared memory encom

passes a single memory that stores some or all code from multiple modules. The

term group memory encompasses a memory that, in combination with additional

memories, stores some or all code from one or more modules. The term memory

may be a subset of the term computer-readable medium. The term computer-

readable medium does not encompass transitory electrical and electromagnetic

signals propagating through a medium, and may therefore be considered tangi

ble and non-transitory. Non-limiting examples of a non-transitory tangible com-

puter readable medium include nonvolatile memory, volatile memory, magnetic

storage, and optical storage.



CLAIMS

What is claimed is:

1. A power control device comprising:

a first terminal;

a second terminal connected to a transmission line;

a first cascade multilevel inverter (CMI) connected to the second terminal;

and

a second CMI connected in series between the first terminal and the

second terminal.

2 . The power control device of claim 1 further comprising a control module

that controls the first CMI to regulate average real power into and out from the

second CMI.

3 . The power control device of claim 2 wherein the control module controls

the first CMI to apply a current to the second terminal to regulate average real

power into and out from the second CMI.

4 . The power control device of claim 3 wherein the control module (i)

calculates a compensation current to regulate the average real power into and

out from both the second CMI and the first CMI and (ii) controls the first CMI to

apply the compensation current.

5 . The power control device of claim 2 wherein the control module controls

the second CMI to provide a commanded real power and a commanded reactive

power from the first terminal to the second terminal.

6 . The power control device of claim 2 wherein the control module controls

the second CMI to provide a commanded real power and a commanded reactive

power from the second terminal to the first terminal.



7 . The power control device of claim 1 further comprising a control module

that controls the first CMI to cause a voltage phasor of the first CMI and a current

phasor of the first CMI to approach a perpendicular angle to each other.

8 . The power control device of claim 7 wherein the control module controls

the first CMI to cause (i) the voltage phasor of the first CMI and the current

phasor of the first CMI to approach a perpendicular angle to each other and (ii) a

voltage phasor of the second CMI and a current phasor of the second CMI to

approach a perpendicular angle to each other.

9 . The power control device of claim 1 further comprising a control module

that (i) determines a reference voltage based on a commanded real power and a

commanded reactive power and (ii) controls the second CMI to create the

reference voltage across the second CMI.

10 . The power control device of claim 9 wherein the control module controls

the second CMI in synchronization with an electrical grid to which the power

control device is connected.

11. The power control device of claim 9 wherein the control module (i)

determines a desired compensation current and (ii) controls the first CMI to

generate the desired compensation current.

12 . The power control device of claim 11 wherein the control module

measures a current through the first CMI and controls the first CMI to reduce a

difference between the measured current through the first CMI and the desired

compensation current.

13 . The power control device of claim 11 wherein the control module

determines the desired compensation current based on a current through the

transmission line and a current through the second CMI.

14 . The power control device of claim 13 wherein the control module

calculates the current through the second CMI based on the reference voltage, a

voltage at the first terminal, and the current through the transmission line.



15 . The power control device of claim 1 wherein the first CMI includes a

plurality of bridge modules connected in series, wherein each of the plurality of

bridge modules (i) has a first terminal and a second terminal and (ii) is

controllable to produce one of a plurality of voltages between the first and

second terminals of the bridge module.

16 . The power control device of claim 15 wherein each of the plurality of

bridge modules is controllable to produce one of two voltages between the first

and second terminals of the bridge module.

17 . The power control device of claim 1 wherein the second CMI includes a

plurality of bridge modules connected in series, wherein each of the plurality of

bridge modules has a first terminal and a second terminal and is controllable to

produce one of a plurality of voltages between the first and second terminals of

the bridge module.

18 . The power control device of claim 1 wherein the first CMI is controlled to

source zero current to the second terminal and sink zero current from the second

terminal.

19 . The power control device of claim 1 further comprising a control module

that controls the first CMI to generate a desired reactive power into the second

terminal.

20. A method of operating a power control device, the method comprising:

controlling a first cascade multilevel inverter (CMI) to (i) regulate average

real power dissipated into and out from the first CMI and (ii) regulate average

real power into and out from a second CMI; and

controlling the second CMI to provide a commanded real power and a

commanded reactive power from a first terminal of the power control device to a

second terminal of the power control device, wherein the second CMI is

connected in series between the first terminal and the second terminal, and

wherein the first CMI is connected to the second terminal.



2 1 . The method of claim 20 further comprising:

calculating a compensation current to regulate the average real power

into and out from both the second CMI and the first CMI; and

controlling the first CMI to apply the compensation current to the second

terminal.

22. The method of claim 20 further comprising selectively controlling the

second CMI to provide the commanded real power and the commanded reactive

power from the second terminal to the first terminal.

23. The method of claim 20 further comprising controlling the first CMI to

cause a voltage phasor of the first CMI and a current phasor of the first CMI to

approach a perpendicular angle to each other.

24. The method of claim 23 further comprising controlling the first CMI to

cause (i) the voltage phasor of the first CMI and the current phasor of the first

CMI to approach a perpendicular angle to each other and (ii) a voltage phasor of

the second CMI and a current phasor of the second CMI to approach a

perpendicular angle to each other.

25. The method of claim 20 further comprising:

determining a reference voltage based on the commanded real power and

the commanded reactive power; and

controlling the second CMI to create the reference voltage across the

second CMI.

26. The method of claim 25 further comprising controlling the second CMI in

synchronization with an electrical grid to which the power control device is

connected.

27. The method of claim 25 further comprising:

determining a desired compensation current; and

controlling the first CMI to generate the desired compensation current.



28. The method of claim 27 further comprising:

measuring a current through the first CMI; and

controlling the first CMI to reduce a difference between the measured

current through the first CMI and the desired compensation current.

29. The method of claim 27 further comprising determining the desired

compensation current based on (i) a current through a transmission line

connected to the second terminal and (ii) a current through the second CMI.

30. The method of claim 29 further comprising calculating the current through

the second CMI based on the reference voltage, a voltage at the first terminal,

and the current through the transmission line.

3 1 . The method of claim 20 wherein:

the first CMI includes a plurality of bridge modules connected in series,

wherein each of the plurality of bridge modules has a first terminal and a second

terminal and is controllable to produce one of a plurality of voltages between the

first and second terminals of the bridge module; and

the method further comprises controlling the first CMI includes selecting

one of the plurality of voltages for each of the plurality of bridge modules.

32. The method of claim 20 wherein:

the second CMI includes a plurality of bridge modules connected in

series, wherein each of the plurality of bridge modules has a first terminal and a

second terminal and is controllable to produce one of a plurality of voltages

between the first and second terminals of the bridge module; and

the method further comprises controlling the second CMI includes

selecting one of the plurality of voltages for each of the plurality of bridge

modules.

33. The method of claim 20 further comprising controlling the first CMI to

generate a desired reactive power into the second terminal.



34. A power control device comprising:

a first cascade multilevel inverter (CMI) connected in series between a

first terminal of a first 3-phase line and a first terminal of a second 3-phase line;

a second CMI connected in series between a second terminal of the first

3-phase line and a second terminal of the second 3-phase line;

a third CMI connected in series between a third terminal of the first 3-

phase line and a third terminal of the second 3-phase line;

a fourth CMI having a first terminal connected to the first terminal of the

second 3-phase line;

a fifth CMI having a first terminal connected to the second terminal of the

second 3-phase line; and

a sixth CMI having a first terminal connected to the third terminal of the

second 3-phase line.

35. The power control device of claim 34 wherein the fourth CMI has a

second terminal that is connected to a second terminal of the fifth CMI and a

second terminal of the sixth CMI.

36. The power control device of claim 35 wherein the second terminals of the

fourth, fifth, and sixth CMIs are connected to a reference potential.

37. The power control device of claim 34 wherein:

the fourth CMI has a second terminal that is connected to the first terminal

of the fifth CMI;

the fifth CMI has a second terminal that is connected to the first terminal

of the sixth CMI; and

the sixth CMI has a second terminal that is connected to the first terminal

of the fourth CMI.

38. A power converter comprising:

a positive DC terminal;

a negative DC terminal; and

a plurality of converter legs connected between the positive DC terminal

and the negative DC terminal, wherein each of the plurality of converter legs:



includes a series connection of a first cascade multilevel inverter

(CMI), a first inductor, a second inductor, and a second CMI, and

is associated with a respective AC terminal that is connected to a

node between the first inductor and the second inductor.

39. The power converter of claim 38 wherein the power converter selectively

converts AC power from the AC terminals to DC power across the positive and

negative DC terminals.

40. The power converter of claim 38 wherein the power converter selectively

converts DC power across the positive and negative DC terminals to AC power

at the AC terminals.

4 1 . The power converter of claim 38 wherein:

the plurality of converter legs is two converter legs,

a first one of the two converter legs is connected to a first terminal of a

single-phase AC line, and

a second one of the two converter legs is connected to a second terminal

of the single-phase AC line.

42. The power converter of claim 38 wherein:

the plurality of converter legs is three converter legs,

a first one of the three converter legs is connected to a first terminal of a

three-phase AC line,

a second one of the three converter legs is connected to a second

terminal of the three-phase AC line, and

a third one of the three converter legs is connected to a third terminal of

the three-phase AC line.



43. A power conversion system comprising:

the power converter of claim 42; and

a second power converter comprising three converter legs connected

between the positive DC terminal and the negative DC terminal, wherein each of

the three converter legs:

(i) includes a series connection of a first cascade multilevel inverter

(CMI), a first inductor, a second inductor, and a second CMI, and

(ii) is associated with a respective AC terminal that is connected to

a node between the first inductor and the second inductor, the AC terminal being

one phase of a second three-phase AC line.

44. The power conversion system of claim 43 wherein the power conversion

system converts AC power at a first frequency to AC power at a second

frequency.

45. The power conversion system of claim 43 wherein the power conversion

system converts AC power at a first amplitude to AC power at a second

amplitude.

46. The power conversion system of claim 43 wherein the power conversion

system converts AC power having a first phase shift to AC power having a

second phase shift.

47. A power control device comprising:

a first terminal;

a second terminal connected to a transmission line;

a cascade multilevel inverter (CMI) connected between the first terminal

and the second terminal, wherein the CMI includes a plurality of bridge modules

connected in series, wherein each of the plurality of bridge modules (i) has a first

terminal and a second terminal and (ii) is controllable to produce one of a

plurality of voltages between the first and second terminals of the bridge module.
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