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UNINTERRUPTIBLE POWER SUPPLY SYSTEMS AND METHODS SUPPORTING
LOAD BALANCING

BACKGROUND OF THE INVENTION

[0001] The inventive subject matter relates to power supply systems and methods and,

more particularly, to uninterruptible power supply (UPS) systems and methods.

[0002] Data centers, industrial facilities, medical facilities and the like often have three-

phase AC power distribution systems that are protected by UPS systems. Three-phase UPS

systems may be used in such applications to provide backup power to maintain operation in

event of failure of the primary utility supply. Three-phase UPS systems commonly have an

"on-line" configuration including a rectifier and inverter coupled by a DC link that is also

coupled to an auxiliary source, such as a battery, flywheel converter or other energy storage

device.

[0003] A frequent goal in such applications is to provide uninterruptible power with high

efficiency. Towards this end, on-line UPSs may support an "efficiency" mode in which the

rectifier/inverter conversion chain is bypassed using a static switch when the utility source is

within nominally acceptable bounds, so that power is not needlessly wasted in the

rectifier/inverter chain. In addition, renewable sources, such as photovoltaic sources, may be

coupled to the DC link of an on-line UPS to provide supplemental power, as described, for

example, in U.S. Patent No. 7,411,308 to Parmley and an article entitled "Photovoltaic UPS"

by Jayasimha et al., IEEE TENCON 2003 Conference on Convergent Technologies for Asia-

Pacific Region, vol. 4, pp. 1419-1423 (2003).

SUMMARY OF THE INVENTION

[0004] Some embodiments of the inventive subject matter provide an uninterruptible

power supply (UPS) system that includes a multiphase AC output configured to be coupled to

a load, an inverter having an output coupled to the AC output and a control circuit operatively

associated with the inverter and configured to cause the inverter to compensate for a phase

imbalance of a load coupled to the AC output while power is being delivered to the load from

an AC power source independently of the inverter.

[0005] In some embodiments, the control circuit may be configured to cause the inverter

to load a first phase at the AC output and transfer power therefrom to a second phase at the

AC output to compensate for a phase imbalance of a load coupled to the AC output. In some



embodiments, the inverter may have a DC input coupled to an auxiliary power source, such

as a battery and/or a variably available solar or wind power source. The control circuit may

be configured to cause the inverter to transfer power between the auxiliary power source and

a phase at the AC output to compensate for the phase imbalance.

[0006] In further embodiments, the UPS system includes an AC input configured to be

coupled to the AC power source, a rectifier configured to receive power from the AC input, a

DC link coupling an output of the rectifier to an input of the inverter and a bypass circuit

configured to selectively couple and decouple the AC input and the AC output. The control

circuit may be configured to cause the inverter to load a first phase at the AC output and

transfer power therefrom to a second phase at the AC output to compensate for phase

imbalance of a load coupled to the AC output when the AC input is coupled to the AC input

by the bypass circuit. The DC link may be coupled to an auxiliary power source, and the

control circuit may be further configured to cause the inverter to transfer power between the

auxiliary power source and the load to compensate for the phase imbalance. The auxiliary

power source may include a battery or other energy storage device and/or variably available

power source, such as a solar power source or a wind power source.

[0007] Additional embodiments provide an apparatus including an inverter coupled to a

multiphase AC power source and a control circuit operatively associated with the inverter and

configured to cause the inverter to load a first phase of the AC power source and transfer

power therefrom to a second phase of the AC power source to compensate for a phase

imbalance of a load coupled to the AC power source. The inverter may be an inverter of a

UPS.

[0008] Some method embodiments of the inventive subject matter include coupling one or

more loads to a multiphase AC power source and operating an inverter coupled to the

multiphase AC power source to compensate for a phase imbalance of the one or more loads

while power is being delivered to the load from the AC power source independently of the

inverter. The inverter may be an inverter of a UPS. An input of the inverter may be coupled

to an auxiliary power source and power may be transferred between the auxiliary power

source and the load via the inverter to compensate for the phase imbalance.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 is a schematic diagram illustrating a UPS system according to some

embodiments of the inventive subject matter.



[0010] FIG. 2 is a schematic diagram illustrating a UPS system according to further

embodiments of the inventive subject matter

[0011] FIG. 3 is a schematic diagram illustrating an exemplary inverter implementation

for the UPS system of FIG. 2 according to further embodiments of the inventive subject

matter.

[0012] FIG. 4 is a schematic diagram illustrating a UPS system with an auxiliary variably

available power source according to some embodiments of the inventive subject matter.

[0013] FIG. 5 is a schematic diagram illustrating an exemplary inverter implementation

for the UPS system of FIG. 4 according to further embodiments of the inventive subject

matter.

[0014] FIG. 6 is a schematic diagram illustrating a UPS system according to further

embodiments of the inventive subject matter.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0015] Specific exemplary embodiments of the inventive subject matter now will be

described with reference to the accompanying drawings. This inventive subject matter may,

however, be embodied in many different forms and should not be construed as limited to the

embodiments set forth herein; rather, these embodiments are provided so that this disclosure

will be thorough and complete, and will fully convey the scope of the inventive subject

matter to those skilled in the art. In the drawings, like numbers refer to like elements. It will

be understood that when an element is referred to as being "connected" or "coupled" to

another element, it can be directly connected or coupled to the other element or intervening

elements may be present. As used herein the term "and/or" includes any and all combinations

of one or more of the associated listed items.

[0016] The terminology used herein is for the purpose of describing particular

embodiments only and is not intended to be limiting of the inventive subject matter. As used

herein, the singular forms "a", "an" and "the" are intended to include the plural forms as well,

unless expressly stated otherwise. It will be further understood that the terms "includes,"

"comprises," "including" and/or "comprising," when used in this specification, specify the

presence of stated features, integers, steps, operations, elements, and/or components, but do

not preclude the presence or addition of one or more other features, integers, steps,

operations, elements, components, and/or groups thereof.

[0017] Unless otherwise defined, all terms (including technical and scientific terms) used

herein have the same meaning as commonly understood by one of ordinary skill in the art to



which this inventive subject matter belongs. It will be further understood that terms, such as

those defined in commonly used dictionaries, should be interpreted as having a meaning that

is consistent with their meaning in the context of the specification and the relevant art and

will not be interpreted in an idealized or overly formal sense unless expressly so defined

herein.

[0018] As will be appreciated by one of skill in the art, the inventive subject matter may

be embodied as systems, methods and computer program products. Some embodiments of

the inventive subject matter may include hardware and/or combinations of hardware and

software. Some embodiments of the inventive subject matter include circuitry configured to

provide functions described herein. It will be appreciated that such circuitry may include

analog circuits, digital circuits, and combinations of analog and digital circuits.

[0019] Embodiments of the inventive subject matter are described below with reference to

block diagrams and/or operational illustrations of systems and methods according to various

embodiments of the inventive subject matter. It will be understood that each block of the

block diagrams and/or operational illustrations, and combinations of blocks in the block

diagrams and/or operational illustrations, can be implemented by analog and/or digital

hardware, and/or computer program instructions. These computer program instructions may

be provided to a processor of a general purpose computer, special purpose computer, ASIC,

and/or other programmable data processing apparatus, such that the instructions, which

execute via the processor of the computer and/or other programmable data processing

apparatus, create means for implementing the functions/acts specified in the block diagrams

and/or operational illustrations. In some implementations, the functions/acts noted in the

figures may occur out of the order noted in the block diagrams and/or operational

illustrations. For example, two operations shown as occurring in succession may, in fact, be

executed substantially concurrently or the operations may sometimes be executed in the

reverse order, depending upon the functionality/acts involved.

[0020] Some embodiments of the inventive subject matter relate to interfacing of variably

available power sources with UPSs. As referred to herein, "variably available power

sources" include power sources, such as solar, wind, tidal and similar renewable energy

sources, having an availability (e.g., presence and capacity) that fluctuates with

environmental conditions (e.g., availability of wind, sun or tidal change) and that are not, as a

general rule, available on demand. Such power sources may also be referred to as "variable",

"intermittent" or "non-dispatchable" and, for purposes of the present application, such sources

shall be referred to as "variably available power sources."



[0021] In some multi-phase UPS applications, such as data centers, a large number of

single phase loads may be manually connected to the distribution system served by a m ulti

phase UPS. Because of the nature of the loads and the manner in which they are connected,

this may result in an unbalanced loading of the distribution system. The utility provided to an

installation may be shielded from this phase imbalance by an online UPS operating in an on¬

line mode, but the imbalance may be reflected to the utility if UPS is operating in a bypassed

high efficiency mode. Some embodiments of the inventive subject matter arise from a

realization that such imbalance may be addressed by using the output inverter of the UPS to

selectively load the phases of the distribution to compensate for such load imbalance. For

example, in some embodiments, the inverter may be used to transfer power between phases

compensate for the load imbalance. According to further embodiments, a variably available

power source, such as a photovoltaic source, may be used to compensate for load imbalance

instead of, or in combination with, such inter-phase power transfers.

[0022] FIG. 1 illustrates a system 100 according to some embodiments of the inventive

subject matter. -The system 100 includes an inverter 110 coupled to a phases 15a, 15b, 15c

connecting a multiphase load 20 to an AC power source 10. The AC power source 10 may

include, for example, a utility power source and or a local power source, such as a local

generator. A phase-balancing control circuit 120 of the system 100 is operatively associated

with the inverter 110 and configured to cause the inverter 110 to selectively load the phases

15a, 15b, 15c to support inter-phase power transfers that compensate for phase imbalance of

the load 20 while the AC power source 10 delivers power to the load 20 independently of the

inverter 110. In this manner, the bulk of the power consumed by the load 20 may be

efficiently delivered directly by the AC power source 10, and the inverter 110 may be limited

to only processing the amount of power needed to make up for phase imbalance of the load

20. In on-line UPS system embodiments described below, such a technique may be

advantageously used to support a high-efficiency bypass mode with inverter phase balancing

that may avoid losses associated with using on-line operation to balance phases. In various

embodiments, the system 100 may be a standalone device or in a UPS system, such as an on¬

line UPS, standby or line-interactive UPS.

[0023] FIG. 2 illustrates an on-line UPS system 200 according to some embodiments of

the inventive subject matter. The UPS system 200 includes a series conversion circuit

comprising a rectifier 210 and an inverter 220 coupled by a DC link 215. An input of the

rectifier 210 is coupled to an AC input 201 that is configured to be coupled to an AC power

source 10. An output of the inverter 220 is configured to be coupled to a load 20 at an AC



output 202. The DC link 215 may be configured to be coupled to an auxiliary energy source

30, such as one or more batteries and/or other power sources, such as fuel cells or variably

available power sources (e.g., solar or wind power sources). A bypass circuit, e.g., a static

switch 230, is configured to couple and decouple the AC input 201 and the AC output 202 of

the UPS system 200. For example, the static switch 230 may be used to couple the AC input

201 to the AC output 202 and thereby bypass the rectifier 210 and inverter 220 in a high-

efficiency bypass mode of the UPS system 200. It will be appreciated that the above-

described components may be integrated in one assembly or may implemented using multiple

interoperating assemblies with connecting power and control links.

[0024] A control circuit 240 is operatively associated with the rectifier 210, inverter 220

and static switch 230. The control circuit 240 generally may be configured to, for example,

monitor status of the AC power source 10, to control a DC voltage generated on the DC link

215 by the rectifier 210 and/or auxiliary energy source 30, to control operation of the static

switch 230 to provide on-line and bypassed modes of operation and to control an AC

waveform produced at the AC output 202 by the inverter 220 during on-line operation. The

control circuit 240 is further configured to cause the inverter 220 to perform phase balancing

operations along the lines discussed above with reference to FIG. 1 when the rectifier 210 and

inverter 220 are bypassed, i.e., when the AC power source 10 is directly coupled to the load

20 by the bypass circuit 230. As illustrated, phase balancing may be accomplished by

transferring power among AC phases 235a, 235b, 235c and/or by selectively transferring

power between the AC phases 235a, 235b, 235c and the auxiliary power source 30.

[0025] FIG. 3 illustrates an exemplary implementation of an inverter 310 and associated

control circuit 320 that may be used in a system according to some embodiments of the

inventive subject matter, e.g., in the UPS system 200 of FIG. 2 . The inverter 310 comprises

a plurality of pulse-width modulated (P M) bridge circuits coupled to between two DC

busses 330a, 330b and driven by the control circuit 320 responsive to control inputs, such as

the phase currents i„, , i of the phases 340a, 340b, 340c. The control circuit 320 may, for

example, implement a control loop that acts to control duty cycles of the transistors of the

bridge circuits of the inverter 310 to substantially equalize the phase currents ia, , ic by

transferring current among the phases 340a, 340b, 340c and/or between the DC busses 330a,

330b and the phases 340a, 340b, 340c.

[0026] According to additional aspects of the inventive subject matter, a variably available

power source, such as a solar power or wind power source, may be used in lieu of and/or in

conjunction with phase balancing along the lines described above. FIG. 4 illustrates a UPS



system 400 including a rectifier 410 and an inverter 420 coupled by a DC link 415. An input

of the rectifier 410 is coupled to an AC input 401 that is configured to be coupled to an AC

power source 10, and an output of the inverter 420 is configured to be coupled to a load 20 at

an AC output 402. A bypass circuit, e.g., a static switch 430, is configured to couple and

decouple the AC input 401 and the AC output 402. For example, the static switch 430 may

be used to couple the AC input 401 to the AC output 402 and thereby bypass the rectifier 410

and inverter 420 in a high-efficiency bypass mode.

[0027] The UPS system 400 also includes a battery interface circuit 440 configured to

couple the DC link to one or more batteries 40. In some embodiments, the battery interface

circuit 440 may include, for example, a DC/DC converter circuit configured to convert

between a voltage of the battery(s) 40 and a voltage of the DC link 415. In further

embodiments, the battery interface circuit 440 may provide a non-voltage converting

coupling between the battery(s) and the DC link. It will be appreciated that, in general, the

battery interface circuit 440 may include any of a variety of components for coupling the

battery(s) 40 and-the DC link 415, sueh as fuses, switches, circuit breakers and the like, along

with components that may provide, for example, current and/or voltage monitoring or circuit

protection. The battery interface circuit 440 may support unidirectional or bidirectional

power transfers between the DC link 415 and the battery(s) 40. For example, in addition to

supporting power flow from the battery(s) 40 to the DC link 415 for backup power and phase

balancing, the battery interface circuit 440 may also be used to charge the battery(s) 40 by

transferring power from the DC link 415 to the battery(s).

[0028] The UPS system 400 further includes a variably available power source interface

circuit 450, which is configured to interface a variably available power source 50, such as a

solar and/or wind power source, to the DC link 415. In some embodiments, the variably

available power source interface circuit 450 may include, for example, a DC/DC converter

circuit configured to convert between a voltage of the variably available power source 50 and

a voltage of the DC link 415. In further embodiments, the variably available power source

interface circuit 450 may provide a non-voltage converting coupling between the variably

available power source 50 and the DC link. It will be appreciated that, in general, the

variably available power source interface circuit 450 may include any of a variety of

components for coupling the variably available power source 50 and the DC link 415, such as

fuses, switches, circuit breakers and the like, along with components that may provide, for

example, current and/or voltage monitoring or circuit protection.



[0029] A control circuit 460 of the UPS system 400 is configured to control the rectifier

410, the inverter 420 and the static switch 430, and may further control the battery interface

circuit 440 and/or the variably available power source interface circuit 450. Among other

functions, the control circuit 460 may cause the static switch 430 to bypass the rectifier 410

and inverter 420 and control the inverter 420 to support phase balancing along the lines

described above, e.g., by controlling current transfer among the phases 435a, 435b, 435c

coupled to the static switch 430 and/or by selectively transferring power between the DC link

415 and the AC output 402. Power supplied by the variably available power source 50 may

be used for such phase balancing purposes by, for example, selectively transferring power

between the DC link 415 to the phases 435a, 435b, 435c.

[0030] It will be appreciated that some or all of the above-described components of the

UPS system 400 may be integrated in one assembly or may be implemented using multiple

interoperating assemblies with connecting power and control links.

[0031] FIG. 5 illustrates an exemplary implementation of an inverter 510 and associated

control circuit 520-that may be used in a system according to some embodiments of the

inventive subject matter, e.g., in the UPS system 400 of FIG. 4. The inverter 510 comprises

a plurality of pulse-width modulated (PWM) bridge circuits coupled to between two DC

busses 530a, 530b and driven by the control circuit 520 responsive to control inputs, such as

the phase currents i , ¾, ic of the phases 540a, 540b, 540c and the voltages V+, V- of the DC

busses 530a, 530b. The control circuit 520 may, for example, implement a control loop that

acts to control duty cycles of the respective transistors of the bridge circuits of the inverter

510 to substantially equalize the phase currents i„, , ic by transferring current among the

phases 540a, 540b, 540c and/or between the DC busses 330a, 330b and selected ones of the

phases 540a, 540b, 540c. The voltages V+, V- of the DC busses 530a, 530b may indicate, for

example, if power for phase balancing is available from a variably available power source

(e.g., a photovoltaic array or wind generator) coupled thereto.

[0032] Embodiments described above with reference to FlGs. 2-5 involve on-line UPS

implementations. However, further embodiments of the inventive subject matter may be

implemented in standby and line-interactive UPS configurations. For example, referring to

FIG. 6, a standby or line-interactive UPS system 600 may include an inverter 610 controlled

by a phase-balancing control circuit 620 along lines described above and coupled to one or

more batteries 40 that provide backup power. In particular, the inverter 610 may be

configured to selectively load the phases 15a, 15b, 15c to support inter-phase power transfers

that compensate for phase imbalance of the load 20 and/or may selectively transfer power



between the one more batteries 40 and the phase 15a, 15b, 15c to compensate for phase

imbalance. In some embodiments of the inventive subject matter, the battery(s) 40 may

charged via the inverter 610, e.g., the control circuit 620 may operate the inverter as a

rectifier to charge the battery(s) 40. Is some embodiments, the battery(s) 40 may be charged

using a separate battery charger (not shown). A similar configuration may also be used with

a variably available power source, such as a solar array, e.g., the battery (s) 40 may be

replaced by a variably available power source. In some embodiments, a standalone device

without auxiliary power source capability may also be used for phase balancing, for example,

an inverter apparatus that uses capacitors for short-term energy storage to support inter-phase

power transfers.

[0033] In the drawings and specification, there have been disclosed exemplary

embodiments of the invention. Although specific terms are employed, they are used in a

generic and descriptive sense only and not for purposes of limitation, the scope of the

invention being defined by the following claims.



THAT WHICH IS CLAIMED:

1. An uninterruptible power supply (UPS) system, comprising:

a multiphase AC output configured to be coupled to a load;

an inverter having an output coupled to the AC output; and

a control circuit operatively associated with the inverter and configured to cause the

inverter to compensate for a phase imbalance of a load coupled to the AC output while power

is being delivered to the load from an AC power source independently of the inverter.

2 . The UPS system of Claim 1, wherein the control circuit is configured to cause

the inverter to load a first phase at the AC output and transfer power to a second phase at the

AC output to compensate for a phase imbalance of a load coupled to the AC output.

3 . The UPS system of Claim 2, further comprising:

an AC input configured to be coupled to the AC power source

a rectifier configured o -receive power from the AC input;

a DC link coupling an output of the rectifier to an input of the inverter; and

a bypass circuit configured to selectively couple and decouple the AC input and the

AC output,

wherein the control circuit is configured to cause the inverter to load a first phase at

the AC output and transfer power to a second phase at the AC output to compensate for phase

imbalance of a load coupled to the AC output when the AC input is coupled to the AC input

by the bypass circuit.

4. The UPS system of Claim 3, wherein the DC link is coupled to an auxiliary

power source.

5. The UPS system of Claim 4, wherein the auxiliary power source comprises a

variably available power source and/or a battery.

6 . The UPS system of Claim 5, wherein the variably available power source

comprises a wind power source and/or a solar power source.

7 . The UPS system of Claim 1, wherein the inverter comprises a DC input

configured to receive power from an auxiliary power source and wherein the control circuit is



configured to cause the inverter to selectively transfer power between the auxiliary power

source and the AC output to compensate for the phase imbalance.

8. The UPS system of Claim 7, wherein the auxiliary power source comprises a

variably available power source and/or a battery.

9 . The UPS system of Claim 8, wherein the variably available power source

comprises a wind power source and/or a solar power source.

10. An apparatus comprising:

an inverter coupled to a multiphase AC power source; and

a control circuit operatively associated with the inverter and configured to cause the

inverter to load a first phase of the AC power source and transfer power to a second phase of

the AC power source to compensate for a phase imbalance of a load coupled to the AC power

souree.-

11. The apparatus of Claim 10, wherein the inverter comprises an inverter of a

UPS.

12. The apparatus of Claim 11, wherein an input of the inverter is coupled to an

auxiliary power source and wherein the control circuit is configured to cause the inverter to

transfer power between the auxiliary power source and the load to compensate for the phase

imbalance.

13. The apparatus of Claim 12, wherein the auxiliary power source comprises a

battery and/or a variably available power source,

14. The UPS system of Claim 13, wherein the variably available power source

comprises a wind power source and/or a solar power source.

15. A method comprising:

coupling one or more loads to a multiphase AC power source; and



operating an inverter coupled to the multiphase AC power source to compensate for a

phase imbalance of the one or more loads while power is being delivered to the load from the

AC power source independently of the inverter.

16. The method of Claim 15, wherein the inverter comprises an inverter of a UPS.

17. The method of Claim 16, wherein an input of the inverter is coupled to an

auxiliary power source and wherein the method further comprises transferring power between

the auxiliary power source and the load to compensate for the phase imbalance.

18. The method of Claim 17, wherein the auxiliary power source comprises a

battery and/or a variably available power source.

19. The method of Claim 18, wherein the variably available power source

comprises a wind power source and/or a solar power source.
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